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Background: The association of genetically elevated levels of circulating C-reactive protein (CRP) with cancer risk has been extensively investigated in European populations; however, there are conflicting conclusions. The tri-allelic rs3091244 is a functionally validated genetic variant, and its allelic frequencies differ significantly between European and Asian populations. Here, we examined the association of rs3091244 with cancer risk in a Chinese population.

Methods: rs3091244 was genotyped by Sanger sequencing in 4,971 cancer cases and 2,485 controls. The rs1205 and rs2794521 gene variants were also genotyped using TaqMan assays in subgroups.

Results: No association was detected between the genotyped CRP variants and cancer risk, with or without distinguishing cancer types, suggesting that circulating CRP is not causally involved in tumorigenesis in Chinese populations.

Keywords: cancer, inflammation, C-reactive protein, genetic variants, cancer risk


INTRODUCTION

Genome instability and inflammation underlie the initiation and progression of cancer (1, 2). C-reactive protein (CRP) is a well-established circulating marker of inflammation (3) whose blood levels are positively associated with the risk and prognosis of several types of cancer (4, 5). Moreover, CRP has been shown to prevent the apoptosis of myeloma cells (6), to facilitate the invasiveness of breast cancer cells (7, 8), and to promote malignant properties of pancreatic neuroendocrine neoplasm cells (9). These findings raise the possibility that CRP, a putative soluble pattern recognition receptor acting in host defense and inflammation (10–16), might play a causal role in tumorigenesis.

A causal involvement suggests that genetically elevated levels of circulating CRP would affect cancer risk. However, large-scale genetic epidemiological studies (> 500 cases) fail to reach consistent conclusions, although European populations have mostly been examined (17–24). This might be explained by the fact that the examined genetic variants were not functionally linked to CRP expression. In addition, allelic frequencies of CRP variants usually differ among races. Therefore, examining whether functional CRP variants are associated with cancer risk in different populations might help to clarify the role of CRP in tumorigenesis.

Of the known CRP variants, only the promoter single-nucleotide polymorphism rs3091244, frequently observed in European and Asian populations, has been formally validated as a functional regulator of CRP expression (25–28). However, genotyping the tri-allelic rs3091244 is not trivial using the regular TaqMan assay. Thus, we genotyped this variant using Sanger sequencing and examined its association with the risk of any and specific types of cancer in a Chinese population. Our results revealed that rs3091244 and another promoter variant, rs2794521, were not associated with cancer risk, arguing for a noncausal role of circulating CRP in tumorigenesis.



MATERIALS AND METHODS


Participants

Control and cancer cases are all Han Chinese. The types of cancer were diagnosed according to the criteria of WHO Classification of Tumors. Genomic DNA samples from cancer cases were obtained from the Tissue Bank of Gansu Cancer Hospital (diagnosed during 2015-2017). Genomic DNA samples from controls were obtained from individuals receiving health checks at Gansu Cancer Hospital (2016-2017). Informed consent for blood sampling was obtained by all participants. Their clinical characteristics are shown in Table 1 and Table S1. The study was approved by the Ethics Committee of the Gansu Provincial Cancer Hospital (A201307050027) and Xi'an Jiaotong University (2016-065) and was performed in accordance with relevant guidelines and regulations of the Ethics Committee.


Table 1. Characteristics of controls and cancer cases.
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Genotyping

The tri-allelic single-nucleotide polymorphism rs3091244 was genotyped by Sanger sequencing with specific primers (forward: 5′ -AGGGGGGAGGGATAGCATTAGAA-3′; reverse: 5′ -CGTCCTGCTGCCAGTGATACAAG-3′) (BGI, Shenzhen, China). The bi-allelic single-nucleotide polymorphisms rs1205 and rs2794521 were genotyped using the TaqMan assay (Thermo Fisher Scientific, Rockford, IL; catalog number: c_7479334_10/c_318207_10; lot number: p151028-003).



Luciferase Reporter Assay

The promoter fragment of CRP (−533~+103 bp) was cloned into the PGL4.10 (luc2) vector (Promega, Madison, WI; catalog number: E6651). Hep3B or HEK293T cells were transfected with 1.5 μg of PGL4.10 CRP reporter vector and 0.075 μg of phRL-TK (Promega; catalog number: E6241) using the X-treme GENE 9 DNA Transfection Reagent (Roche, Basel, Switzerland; catalog number: 06365787001; lot number: 23644700). After 48 h of transfection, luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega; catalog number: E1960; lot number: 0000201344) on a Synergy HTX Multi-Mode Microplate Reader (BioTek, Winooski, VT). Firefly luciferase activities were normalized to that of co-transfected Renilla luciferase.



Statistical Analysis

Hardy-Weinberg equilibrium was checked in healthy controls using the chi-squared test. Clinical characteristics between cases and controls were compared using Fisher's exact test, Wilcoxon signed rank test or Scheirer-Ray-Hare test. The activity of different alleles in the luciferase assay was tested using analysis of variance (ANOVA). The association of genotypes with circulating CRP levels was tested using a Kruskal-Wallis ANOVA. The crude odds ratio (OR) was estimated using a conditional logistic regression model to assess associations between CRP genotypes and cancer risk. OR trends among genotypes were calculated using the Cochran-Armitage trend test. P values below 0.05 were considered significant. Statistical analyses were conducted using SAS 9.3 (SAS Institute, Cary, NC, USA) or R package 3.6.0.




RESULTS

We first examined the direct effects of rs3091244 on the expression of human CRP using a luciferase reporter assay (Figure 1A). The promoter activity of human CRP increased in order with the rs3091244 C-, T- and A-alleles in both human hepatic Hep3B and renal HEK293 cells. This order also corresponded to levels of circulating CRP in healthy controls with different rs3091244 genotypes (Figure 1B). Overall, our results are in line with previous findings that rs3091244 functionally influences CRP expression (18, 25–27).


[image: Figure 1]
FIGURE 1. Validation of the functional impact of rs3091244 on CRP expression. (A) The effects of different rs3091244 alleles on CRP promoter activities in Hep3B (left) and HEK293 cells (right). The A- and T-alleles show higher luciferase reporter activities than the C-allele. (B) Serum levels of CRP in healthy controls with different genotypes of rs3091244 (CC: 1250, CT: 199, CA: 500, AA/TT/AT: 97). (C) Allelic frequencies of rs3091244 in the present study versus those in Chinese, European, and African populations obtained from the 1000 genomes project database. *p < 0.05; **p < 0.01; ***p < 0.001.


Next, we genotyped the rs3091244 variant in 2485 healthy controls and 4971 cancer patients (Table 1 and Table S1). rs3091244 allelic frequencies in healthy controls were in Hardy-Weinberg equilibrium and were comparable to those in Asian populations, but differed from those in European populations (Figure 1C). Although the rs3091244 T- and A- alleles were associated with higher baseline levels of circulating CRP, they, either alone or in combination, showed no association with the risk of any type of cancer examined (Figure 2).


[image: Figure 2]
FIGURE 2. Risk of cancer by rs3091244 genotypes. p values (two-sided) are from a test for the trend of ORs across rs3091244 genotypes with increasing levels of circulating CRP. Black squares indicate ORs, and error bars indicate 95 % confidence intervals (CI). The numbers of control (Co) and cancer cases (Ca) are indicated.


We also genotyped the most frequently examined CRP variant, rs1205, and another CRP promoter variant, rs2794521, in a subgroup of 489 healthy controls and 1116 cancer patients using TaqMan assays. However, these two variants (Figures 3, 4) or their combination with rs3091244 (Figure 5) again showed no association with cancer risk. Thus, we propose that circulating CRP is unlikely to be casually involved in tumorigenesis in Chinese populations.


[image: Figure 3]
FIGURE 3. Risk of cancer by rs1205 genotypes. P values (two-sided) are from a test for the trend of ORs across genotypes with increasing levels of circulating CRP. Black squares indicate ORs, and error bars indicate 95 % confidence intervals (CI). The numbers of control (Co) and cancer cases (Ca) are indicated.



[image: Figure 4]
FIGURE 4. Risk of cancer by rs2794521 genotypes. P values (two-sided) are from a test for the trend of ORs across genotypes with increasing levels of circulating CRP. Black squares indicate ORs, and error bars indicate 95 % confidence intervals (CI). The numbers of control (Co) and cancer cases (Ca) are indicated.
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FIGURE 5. Risk of cancer by rs3091244, rs1205, and rs2794521 genotypes. The genotype combinations of the three single-nucleotide polymorphisms are given in the order of rs3091244/rs1205/rs2794521. W represents the A or T allele of rs3091244. P values (two-sided) are from a test for the trend of ORs across genotypes with increasing levels of circulating CRP. Black squares indicate ORs, and error bars indicate 95 % confidence intervals (CI).




DISCUSSION

There have been several large-scale studies investigating the associations between genetic CRP variants and cancer risk in European (17–21, 24), American (22) and Chinese populations (23). One study claimed that CRP variants are not associated with the overall cancer risk (18), while others reported the opposite (19) and also identified risk associations with certain cancer types (17, 19, 20, 22). Confusingly, the identified variants can be associated with increased cancer risk but with decreased levels of circulating CRP (17, 22). Such a negative association is also observed for a different cancer type, i.e., breast cancer, in the present study albeit statistically insignificant. Nevertheless, these were difficult to reconcile with the established positive association between cancer risk and circulating CRP levels. Moreover, the same CRP variant rs1205 has been found to be associated with an increased risk of colon cancer in one study (22) but with decreased risk in another (20).

Regarding these inconsistencies, it should be noted that a clear functional association with CRP expression has not been demonstrated for most examined variants (17–23). The only functional variant, rs3091244 (25–27) was only examined in one study in the general population of Denmark (18). This might partly be due to the tri-allelic nature of rs3091244, which is difficult to be genotyped using the regular TaqMan assay (18). The present study used the more accurate Sanger sequencing to genotype rs3091244 in a Chinese population, and reached the same conclusion as the Denmark study (18). The lack of a significant association between rs3091244 and cancer risk suggests that circulating CRP does not play a causal role in tumorigenesis.

The noncausal involvement of circulating CRP in cancer was not entirely unexpected. Our recent work has revealed that tissue-localized CRP may be predominantly produced in situ rather than transported from the circulation (29). This would imply that instead of liver-produced, circulating CRP, it is locally-produced CRP that potentially plays an etiological role in tumorigenesis. We have further shown that malignant cell-derived CRP can conversely be transported to the circulation (29), likely contributing to the risk-associated subtle elevations of circulating CRP. However, such contributions might be obscured in genetic association studies due to confounding factors including tissue-specific effects of genetic variants on CRP expression, and their profound modulation on circulating CRP levels. Whether extrahepatic tissue-derived CRP is causally involved in tumorigenesis remains to be investigated.
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The aim of this study was to test the hypothesis that C-reactive protein (CRP) protects against the development of atherosclerosis and that a conformational alteration of wild-type CRP is necessary for CRP to do so. Atherosclerosis is an inflammatory cardiovascular disease and CRP is a plasma protein produced by the liver in inflammatory states. The co-localization of CRP and low-density lipoproteins (LDL) at atherosclerotic lesions suggests a possible role of CRP in atherosclerosis. CRP binds to phosphocholine-containing molecules but does not interact with LDL unless the phosphocholine groups in LDL are exposed. However, CRP can bind to LDL, without the exposure of phosphocholine groups, if the native conformation of CRP is altered. Previously, we reported a CRP mutant, F66A/T76Y/E81A, generated by site-directed mutagenesis, that did not bind to phosphocholine. Unexpectedly, this mutant CRP, without any more conformational alteration, was found to bind to atherogenic LDL. We hypothesized that this CRP mutant, unlike wild-type CRP, could be anti-atherosclerotic and, accordingly, the effects of mutant CRP on atherosclerosis in atherosclerosis-prone LDL receptor-deficient mice were evaluated. Administration of mutant CRP into mice every other day for a few weeks slowed the progression of atherosclerosis. The size of atherosclerotic lesions in the aorta of mice treated with mutant CRP for 9 weeks was ~40% smaller than the lesions in the aorta of untreated mice. Thus, mutant CRP conferred protection against atherosclerosis, providing a proof of concept that a local inflammation-induced structural change in wild-type CRP is a prerequisite for CRP to control the development of atherosclerosis.
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INTRODUCTION

Atherosclerosis is a chronic inflammatory disease whose development begins with the dysfunction of the endothelium of the arteries. Endothelial dysfunction leads to infiltration of plasma low-density lipoprotein (LDL) and monocytes in the arterial wall. LDL is subsequently deposited, modified and engulfed by monocyte-derived macrophages. Lipid-laden macrophage foam cells are proinflammatory which enhances the process of the formation of atherosclerotic lesions (1, 2). The inflammatory microenvironment of atherosclerotic lesions is characterized by macrophage activation, hypoxia, and lactate and proton generation, resulting in an acidic extracellular pH (3–7).

C-reactive protein (CRP) is a plasma protein produced by the liver in inflammatory states (8). CRP is also present, co-localized with modified LDL and macrophages, at atherosclerotic lesions in both humans and experimental animals (9, 10). CRP is composed of five identical subunits arranged in a pentameric symmetry. The molecular weight of each subunit is ~23 kDa and there are 206 amino acid residues in each subunit. CRP binds to molecules with exposed phosphocholine (PCh) groups in a Ca2+-dependent manner. There are five PCh-binding sites in the CRP pentamer, one site per subunit (11, 12).

Oxidized LDL (ox-LDL), enzymatically-modified LDL (E-LDL) and acetylated LDL (ac-LDL) are different forms of modified atherogenic LDL that are used in in vitro experiments (1, 2, 13). In the presence of Ca2+, native or recombinant wild-type (WT) CRP interacts with E-LDL due to the exposure of PCh groups on E-LDL, but does not interact with ox-LDL and ac-LDL (14–16). In the absence of Ca2+, WT CRP does not interact with any form of atherogenic LDL (16–19). The native pentameric structure of CRP is altered in response to a variety of experimental conditions (16–23). It has been shown that the pentameric structure of WT CRP is subtly altered by acidic pH and by oxidation, and conformationally altered CRP is capable of binding to atherogenic LDL independent of the PCh-binding site (17–19). Employing E-LDL, it has also been shown that if CRP is bound to atherogenic LDL, it prevents the formation of lipid-laden macrophage foam cells (24). Due to the presence of CRP at atherosclerotic lesions and due to the binding capability of CRP for atherogenic LDL under certain conditions, CRP has been implicated in the development of atherosclerosis (25).

We have previously reported a CRP mutant, F66A/T76Y/E81A, in which Phe66, Thr76, and Glu81 (three critical amino acid residues in the PCh-binding site) were substituted with Ala, Tyr, and Ala, respectively, to abolish the PCh-binding activity of CRP (26). Mutant CRP did not bind to PCh and was used as a tool to investigate the importance of the PCh-binding site in CRP-mediated protection of mice against pneumococcal infection (26). Biochemical characterization of this mutant CRP, in comparison to that of WT CRP, has been published previously (26). The overall structure of mutant CRP was pentameric and the mutation did not affect the stability of the protein in vivo. Mutant CRP circulated freely in the mouse serum and its rate of clearance in vivo was similar to that of WT CRP (26).

Further analysis of F66A/T76Y/E81A mutant CRP, presented here, revealed that mutant CRP had inadvertently gained the ability to bind to any protein that was immobilized on microtiter plates, including atherogenic forms of LDL, without the need for any further inflammatory milieu-dependent or acidic pH-induced structural change. We, therefore, hypothesized that mutant CRP might show an atheroprotective effect in murine models of atherosclerosis. We reasoned that even if there was no acidic pH around injected mutant CRP in the available murine models, mutant CRP would be able to recognize and bind atherogenic LDL and exert a protective effect on the development of atherosclerosis. Accordingly, in this study, we evaluated the effects of mutant CRP (F66A/T76Y/E81A) on the development of atherosclerosis employing LDL receptor-deficient (Ldlr−/−) mice, an animal model commonly used to investigate molecules involved in human atherosclerosis.



MATERIALS AND METHODS


Preparation of F66A/T76Y/E81A Mutant CRP

The construction of F66A/T76Y/E81A mutant CRP cDNA used in this study has been reported previously (26). Mutant CRP was expressed in CHO cells using the ExpiCHO Expression System (Thermo Fisher Scientific), according to manufacturer's instructions. As described previously (26), mutant CRP was purified from cell culture supernatant by Ca2+-dependent affinity chromatography on a phosphoethanolamine-Sepharose column, since this CRP mutant does not bind to PCh. Mutant CRP was further purified by gel filtration on a Superose12 column. Eluted mutant CRP was immediately dialyzed against 10 mM Tris-HCl, 150 mM NaCl, pH 7.2 (TBS), containing 2 mM CaCl2, stored at 4°C, and was used within a week. The purity of CRP was confirmed by using denaturing SDS-PAGE. For in vivo experiments, purified mutant CRP was treated with the Detoxi-Gel Endotoxin Removing Gel (Thermo Fisher Scientific) according to manufacturer's instructions. The removal of endotoxin from mutant CRP preparations was confirmed by using the Limulus Amebocyte Lysate kit QCL-1000 (Lonza) according to manufacturer's instructions.



Solid Phase Ligand-Binding Assay

The solid phase ligand-binding assay was used to determine the binding of mutant CRP to immobilized proteins, as described earlier (17–19). Ox-LDL, E-LDL, ac-LDL, factor H (Complement Technology) and amyloid β peptide 1-42 (Bachem, H-1368) were used as protein ligands. Ox-LDL, E-LDL, and ac-LDL were prepared as described previously (17–19, 24). Briefly, microtiter wells were coated with protein ligands (10 μg/ml) diluted in TBS and incubated overnight at 4°C. The unreacted sites in the wells were blocked with TBS containing 0.5% gelatin. Freshly purified mutant CRP was diluted in TBS-Ca (TBS containing 2 mM CaCl2, 0.1% gelatin and 0.02% Tween 20), added to the wells, and incubated overnight at 4°C. Bound mutant CRP was detected by using a polyclonal rabbit anti-human CRP antibody (Millipore Sigma, 235752). HRP-conjugated donkey anti-rabbit IgG (GE Healthcare) was used as the secondary antibody. Color was developed using ABTS as the substrate and the OD405 was read in a plate reader.



Atherosclerosis Protection Experiments

Eight-week-old C57BL/6 male ldlr−/− mice (Jackson Lab, 002207) were used in experiments according to protocols approved by and conducted in accordance with the guidelines administered by the Institutional Animal Care and Usage Committee of East Tennessee State University. Sixty mice were fed on a high-fat western-type diet (21% fat, 0.2% cholesterol), purchased from Envigo (TD.88137), for 10 weeks. After 1 week on high-fat diet, mice were divided into two groups of 30 mice in each group: untreated group and mutant CRP-treated group. Mice were injected with either TBS (untreated group) or mutant CRP (50 μg/injection) on alternate days for 9 weeks, via alternating intravenous and intraperitoneal routes (Figure 1A). Blood, heart and aorta were collected at five different time points (weeks 1, 3, 5, 7, and 9), as described previously (27). Briefly, six mice from each group, at each time point, were sacrificed, blood was collected by cardiac puncture, and the plasma was separated and stored frozen. After collecting blood, the heart was perfused with 10% formalin, followed by removing fat from the entire aorta. Heart was excised from the aorta, was cut into two halves, and the upper half with the aortic root was mounted using OCT medium and stored at −80°C. Following heart excision, aorta was excised and stored in 10% formalin at 4°C. The whole experiment was repeated once more employing another 60 mice and a separate, freshly purified batch of mutant CRP.


[image: Figure 1]
FIGURE 1. Assessment of atherosclerotic lesions in ldlr−/− mice. (A) Protocol for administration of mutant CRP and for sacrifice of mice after mutant CRP administration. (B) Quantitation of atherosclerotic lesions in the aorta (en face). A representative Sudan IV-stained aorta is shown. The red colored areas are the lesions. Scale bar, 5 mm. (C) Quantitation of atherosclerotic lesions in the aortic root. A representative Oil Red O-stained aortic root section is shown. The red colored areas are the lesions. Scale bar, 100 μm.




Measurement of the Size of Atherosclerotic Lesions

To measure the size of atherosclerotic lesions in the whole aorta (en face), aorta was cut open longitudinally, stained with Sudan IV, and digitally photographed, as described previously (27). A total of 120 aortae (60 mice for untreated group and 60 mice for mutant CRP-treated group; 12 mice per time point) were processed, stained and photographed. A representative Sudan IV-stained aorta is shown in Figure 1B.

To measure the size of atherosclerotic lesions in the aortic root, 8 μm cross-sections of frozen OCT-embedded heart were collected from the appearance of the aortic valve leaflets to their disappearance (48–72 sections per heart). Every other cross-section of the entire aortic root was stained with Oil Red O for lipids, counterstained with hematoxylin, and digitally photographed, as described previously (27). A total of 120 hearts (60 mice for untreated group and 60 mice for mutant CRP-treated group; 12 mice per time point) were processed. A representative Oil Red O-stained aortic root section is shown in Figure 1C.

Digital photographs were acquired with an Olympus BX41 microscope equipped with a CCD color camera (QImaging). The stained lesion areas were quantified in digital images using the ImageJ software (28). Quantification of the lesion areas in the photographs was performed by two observers blinded to the experimental protocol. Non-parametric test (Mann-Whitney test) using GraphPad Prism software was employed to calculate the p-values.



Immunostaining of CRP

Sudan IV-stained aorta was first processed to remove the stain, as described earlier (29). Immunostaining of CRP was performed using Vectastain ABC Elite kit (Vector laboratories, PK-6100) according to manufacturer's instructions. CRP was detected by using a polyclonal rabbit anti-human CRP antibody (Millipore Sigma, 235752). Biotinylated goat-anti rabbit IgG was used as the secondary antibody. Color was developed using DAB (Vector laboratories, ImmPACT DAB, SK-4105) as the substrate, according to manufacturer's instructions.



Measurement of Lipoproteins in the Plasma

The concentrations of high-density lipoprotein (HDL) and LDL in the plasma were measured using Cholesterol Assay Kit-HDL and LDL/VLDL (Abcam; ab65390) according to manufacturer's instructions. Lipoprotein levels were measured in the pooled plasma samples collected at weeks 1, 3, 5, 7, and 9 (12 mice per time point). Unpaired student t-test was employed to calculate the p-values.




RESULTS

All experiments were performed three times, unless otherwise mentioned, and comparable results were obtained each time. Results of a representative experiment are shown in the figures where the raw data (OD405) were used to plot the curves.


Mutant CRP Binds to Atherogenic LDL

As shown in Figure 2, mutant CRP bound to all three forms of atherogenic LDL immobilized on microtiter wells. The binding occurred at physiological conditions, that is, in the absence of any protein structure-modifying agent, such as acidic pH. Since mutant CRP does not bind to PCh (26), the binding of mutant CRP to either ox-LDL, E-LDL, or ac-LDL was independent of the PCh groups present in atherogenic LDL. In addition to testing the binding of mutant CRP to atherogenic LDL, we also included two other proteins, factor H and amyloid β peptide, in the binding assay. Mutant CRP also bound to factor H and amyloid β peptide in a concentration-dependent manner, similar to its binding to atherogenic LDL. These results suggest that mutant CRP did not recognize immobilized atherogenic LDL per se, but it recognized a pattern, as yet undefined, on immobilized proteins in general.


[image: Figure 2]
FIGURE 2. Binding of F66A/T76Y/E81A mutant CRP to immobilized proteins including atherogenic LDL at physiological pH. Microtiter wells were coated with protein ligands as shown. After blocking the unreacted sites in the wells, mutant CRP diluted in TBS-Ca was added to the wells and incubated for 2 h at 37°C. Bound mutant CRP was detected by using a rabbit anti-human CRP antibody and HRP-conjugated donkey anti-rabbit IgG. Color was developed and the OD was read at 405 nm. A representative of three experiments are shown.




Mutant CRP Reduces Atherosclerotic Lesions in the Whole Aorta

The total size of all lesion areas in the whole aorta (en face) was measured. Figure 3 shows the combined results of two separate experiments with 12 mice in each group, for each time point. There was no effect of mutant CRP on the en face lesions for the first 5 weeks. The effect of mutant CRP on the lesion size was visible once the disease had progressed further. In comparison to untreated mice, the lesion area in mutant CRP-treated mice was 30.9% less after 7 weeks and 42% less after 9 weeks of CRP administration. As shown, in mutant CRP-treated mice, the lesion area did not increase after 5 weeks unlike in the untreated group where the lesion area kept increasing for another 2 weeks. Similar results were seen when the data from each of the two experiments (6 mice/group/time point/experiment) were analyzed separately (Supplemental Figure 1). We did not determine the specific stages of atherosclerosis at any time point.


[image: Figure 3]
FIGURE 3. Reduction in the size of atherosclerotic lesions in the aorta of mutant CRP-treated mice. The scatter plot shows the total atherosclerotic lesion area in en face aorta from untreated and mutant CRP-treated mice. Data were collected at five different time points: 1, 3, 5, 7, and 9 weeks after mutant CRP administration (12 mice per group per time point). Each blue dot represents one mouse from the untreated group and each green dot represents one mouse from the mutant CRP-treated group. Horizontal black lines indicate the median total lesion area for each group. Asterisks denote statistically significant difference between untreated and mutant CRP-treated groups (*p ≤ 0.01).




The Effects of Mutant CRP Are Not Visible at the Aortic Root Lesions

The total size of all lesion areas in the aortic root was measured. Figure 4 shows the combined results of two separate experiments using 12 mice in each group, for each time point. As shown, the disease progressed for the entire duration of 9 weeks in untreated mice. However, the administration of mutant CRP did not affect the lesion size at any time point. There was no statistically significant difference in the lesion size at any time point between untreated and mutant CRP-treated groups of mice. Similar results were seen when the data from each of the two experiments (6 mice/group/time point/experiment) were analyzed separately (Supplemental Figure 2).


[image: Figure 4]
FIGURE 4. No reduction in the size of atherosclerotic lesions in the aortic root of mutant CRP-treated mice. The scatter plot shows the total atherosclerotic lesion area in aortic root sections from untreated and mutant CRP-treated mice. Data were collected at five different time points: 1, 3, 5, 7, and 9 weeks after mutant CRP administration (12 mice per group per time point). Each blue dot represents one mouse from the untreated group and each green dot represents one mouse from the mutant CRP-treated group. Horizontal black lines indicate the median total aortic root lesion area for each group.




Administered Mutant CRP Is Present in the Aorta

Immunostaining of CRP in the aorta isolated from mice treated with mutant CRP for seven weeks was performed to confirm the presence of administered mutant CRP at the en face atherosclerotic lesions in mutant CRP-treated mice. As shown (Figure 5), the lesions in the aorta of mutant CRP-treated mice were stained while the lesions in the aorta of untreated mice did not stain for CRP. The polyclonal anti-human CRP antibody used in this study does not react with purified murine CRP (data not shown), consistent with the previously published report that anti-human CRP antibodies do not react with murine CRP (30).


[image: Figure 5]
FIGURE 5. Immunostaining of mutant CRP in the aorta. (A) A representative aorta from untreated mice stained for mutant CRP. (B) A representative aorta from mice treated with mutant CRP for 7 weeks, stained for CRP. 1–4 represent an aorta through different stages of staining. (1) Sudan IV-stained aorta. Red colored areas are the lesions. (2) Aorta post-dehydration to remove Sudan IV. White colored areas are the lesion areas. (3) Anti-human CRP antibody-stained aorta. Brown colored areas reflect the presence of mutant CRP in the lesions. (4) Magnified aortic arch area of the anti-human CRP antibody-stained aorta. Red boxes show the lesion areas.




Mutant CRP Does Not Alter the Concentration of Lipoproteins in the Plasma

Injecting a total of 1.6 mg of mutant CRP into mouse, in 32 injections over a period of 9 weeks, did not alter the concentration of lipoproteins in the circulation. As shown in Table 1, the concentrations of LDL and HDL in the plasma of untreated and mutant CRP-treated mice were comparable. There was no statistically significant difference in the levels of either LDL or HDL in the plasma at any time point between untreated and mutant CRP-treated groups of mice. Administration of mutant CRP did not affect the body weight. Body weights of untreated and mutant CRP-treated mice were similar at each time point (data not shown).


Table 1. Concentration of lipoproteins in the plasma.
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DISCUSSION

In this study, we investigated the effects of mutant CRP F66A/T76Y/E81A, capable of binding to atherogenic LDL but incapable of binding to PCh, on the development of atherosclerosis in male ldlr−/− mice. Our major finding was that the administration of mutant CRP for 7 weeks slowed the progression of atherosclerosis. The total size of atherosclerotic lesions in the whole aorta of mice treated with mutant CRP on alternate days for 7 weeks and beyond was significantly smaller (~40%) than the lesions in the aorta of untreated mice.

Previously, the role of WT CRP in atherosclerosis had been explored, employing a variety of experimental strategies, and 12 papers have been published using CRP from man, mouse and rabbit in both murine and rabbit models of atherosclerosis (31–42). In these studies, both, normal mice and CRP-deficient mice have been employed. Both, normal rabbits and rabbits in which CRP was inhibited by using anti-sense technology have been employed. Both, passively administered CRP and transgenic human CRP have been employed. Three different types of atherosclerosis-prone mice, apoE−/−, ldlr−/−, and apoB100/100 ldlr−/−, have been used in these studies. Two of the 12 papers indicated that both human and murine CRP might be playing an atheroprotective role: human CRP was shown to slow the development of atherosclerosis in the apoB100/100 ldlr−/− mice (36), and the lesion size in CRP-deficient mice on apoE−/− or ldlr−/− background was either equivalent or increased compared to that in normal mice (41). In the other 10 papers, regardless of the experimental strategy used, WT CRP from all species did not show any effect on the development of atherosclerosis in animals, suggesting that WT CRP is neither pro-atherogenic nor anti-atherogenic (25, 43).

The most logical explanation for the observations of zero or nominal effects of WT CRP (31–42) on atherosclerosis in animal models is that the animal models of atherosclerosis do not possess the required inflammatory microenvironment that is needed by CRP to change its structure and be able to interact with atherogenic LDL (10, 18, 25). WT CRP shows no effect because pH near the lesions may not be acidic in animal models and, therefore, the structure of administered or endogenous WT CRP remains unchanged (10, 18, 25). WT CRP treated with acidic pH in vitro was unsuitable for administration into blood circulation of animals since the acidic pH-induced conformational alteration in the pentameric structure of CRP was found to be reversible at physiological pH (17). Therefore, we hypothesized that an in vitro-generated mutant CRP, capable of binding to atherogenic LDL without the requirement of any structural modification in vivo, would be suitable to investigate the mechanism of action of CRP on the development of the disease in animal models (10, 16, 18, 25). Indeed, in one study, monomeric CRP, that is also capable of binding to atherogenic LDL, was employed and the results showed that monomeric CRP was protective against atherosclerosis in apoE−/− mice (34). Thus, our current findings using mutant CRP and previous findings using monomeric CRP, both molecules capable of binding to atherogenic LDL, indicate that structurally altered CRP protects against atherosclerosis; it is just that WT CRP does not exert a protective effect in most animal models (25, 44).

The effect of mutant CRP on the size of atherosclerotic lesions in the en face aorta was obvious since we found that administered mutant CRP had reached the aorta. The staining of aortic roots for the presence of administered mutant CRP provided inconclusive results (data not shown). It is assumed that if mutant CRP reached the aorta, it also reached the aortic root, and if this assumption is correct, then the effect of mutant CRP was site-specific. Site-specific effects of experimental manipulations have been observed in other studies using ldlr−/− mice where the disease developed differently at various lesion-prone sites (45–50). Since the effects of mutant CRP were still observed after week 9 in the en face aorta, it is unlikely that anti-CRP antibodies were produced in response to intravenous administration of mutant CRP that could have inhibited its functions.

The topology of the LDL-binding site and the number of LDL-binding sites on mutant CRP remain undefined. Two possible mechanisms have been proposed for the interaction between conformationally altered CRP and atherogenic LDL. The intrinsically disordered region present in CRP has been shown to participate in the binding of monomeric CRP and atherogenic LDL (51). We proposed that the loosening of the CRP pentamer contributed to the formation of the LDL-binding site (16–18, 25). Recently, it has been suggested that the pentameric assembly of CRP harbors a pronounced plasticity in inter-subunit interactions, which may form the basis for a reversible activation of CRP in inflammation (52). However, it is unknown whether the intrinsically disordered region was exposed or the pentamer was loosened in mutant CRP employed in this study. We speculate that there is only one LDL-binding site per CRP pentamer. However, for the protection of mice against atherosclerosis, it is possible that both sites, the PCh-binding site and the LDL-binding site, participate. The search for a new mutant CRP which can bind to both PCh and to atherogenic LDL is in progress. Any possible similarity between mutant CRP used in this study and previously reported conformationally altered pentameric forms of CRP, pCRP*, and mCRPm (20, 21), is unknown.

Based on the data obtained from a single regimen for mutant CRP treatment, we conclude that one of the functions of CRP is to confer protection against atherosclerosis. We propose, again, that there is no need to stop the biosynthesis of CRP, and that a drug that can lower cholesterol level but not CRP levels could be superior to statins which reduce both CRP and cholesterol levels (53, 54). These suggestions are supported by the fact that, in rabbits, the inhibition of plasma CRP did not affect the development of atherosclerosis (42). It has also been previously postulated that the deposition of CRP at the atherosclerotic lesions may be independent of the CRP levels in the circulation and that CRP-mediated lipoprotein removal likely underlies the regression of early lesions which occurs continuously throughout life and that CRP should be considered as an anti-atherosclerotic protein (10, 13). A long-term goal should be the discovery and design of small-molecule compounds to aid endogenous native CRP in capturing atherogenic LDL, as proposed earlier (14, 25). Another goal could be to investigate the possible protective effects of mutant CRP used in this study in animal models of other inflammatory diseases.

Our data also provide a proof of concept that a local inflammation-induced structural change in native CRP is a prerequisite for CRP to control the development of atherosclerosis. An appropriate inflammatory microenvironment at the site of LDL deposition seems to be critical for CRP to prevent atherosclerosis. One function of inflammation could be to change the structure of proteins, including CRP. Inflammation is not a silent killer, perhaps, as has been suggested (55).
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C-reactive protein (CRP), a component of the innate immune system, is an antipneumococcal plasma protein. Human CRP has been shown to protect mice against infection with lethal doses of Streptococcus pneumoniae by decreasing bacteremia. in vitro, CRP binds to phosphocholine-containing substances, such as pneumococcal C-polysaccharide, in a Ca2+-dependent manner. Phosphocholine-complexed human CRP activates the complement system in both human and murine sera. The mechanism of antipneumococcal action of CRP in vivo, however, has not been defined yet. In this study, we tested a decades-old hypothesis that the complement-activating property of phosphocholine-complexed CRP contributes to protection of mice against pneumococcal infection. Our approach was to investigate a CRP mutant, incapable of activating murine complement, in mouse protection experiments. We employed site-directed mutagenesis of CRP, guided by its three-dimensional structure, and identified a mutant H38R which, unlike wild-type CRP, did not activate complement in murine serum. Substitution of His38 with Arg in CRP did not affect the pentameric structure of CRP, did not affect the binding of CRP to pneumococci, and did not decrease the stability of CRP in mouse circulation. Employing a murine model of pneumococcal infection, we found that passively administered H38R CRP failed to protect mice against infection. Infected mice injected with H38R CRP showed no reduction in bacteremia and did not survive longer, as opposed to infected mice treated with wild-type CRP. Thus, the hypothesis that complement activation by phosphocholine-complexed CRP is an antipneumococcal effector function was supported. We can conclude now that complement activation by phosphocholine-complexed CRP is indeed essential for CRP-mediated protection of mice against pneumococcal infection.

Keywords: C-reactive protein, acute phase response, complement, inflammation, pneumococcal infection


INTRODUCTION

C-reactive protein (CRP) is a multifunctional component of the acute phase response and innate host defense machinery (1, 2). CRP is composed of five identical subunits arranged as a cyclic pentamer (3, 4). Each subunit has a phosphocholine (PCh)-binding site through which CRP binds to PCh-containing substances such as C-polysaccharide (PnC) of the cell wall of Streptococcus pneumoniae, in a Ca2+-dependent manner (3–6). After complexing with a ligand such as PnC, CRP activates the complement system (7, 8). Human CRP activates complement in both human and murine sera (9, 10). In human serum, CRP binds to C1q and activates the classical pathway of complement (7). Since human CRP does not interact with murine C1q, it is not known which pathway is utilized by human CRP to activate murine complement (9).

The C1q-binding site of CRP is formed in and around a cleft that is located on the opposite side of the PCh-binding site of the CRP pentamer (3, 4). The amino acid residues which contribute to the formation of the C1q-binding site of CRP are His38, Glu88, Asp112, Asn158, and Tyr175 from one subunit and Lys114 from the neighboring subunit. Mutational analysis of these amino acids revealed that His38, Asp112, and Tyr175 were critical for binding to C1q and activating complement in human serum (11, 12). Asp112 and Tyr175 appeared to be the C1q contact residues. Three CRP mutants, H38R, D112N, and Y175A have been previously identified as the mutants which displayed reduced binding to C1q and did not activate complement in human serum (12).

Human CRP has been shown to protect mice against lethal pneumococcal infection (13–16). Although a functioning complement system is required for full CRP-mediated protection, the exact mechanism of action of CRP in protecting mice against pneumococcal infection is not known (17–19). Decades ago, it was hypothesized that complement activation by CRP complexed with PCh was responsible for CRP-mediated protection of mice against pneumococcal infection (20). This hypothesis could not be tested experimentally at the time due to the unavailability of a CRP mutant which would bind to pneumococci but would not activate complement in murine serum.

Previously, we tested the Y175A CRP mutant for activation of murine complement. We reported that Y175A CRP did not activate human complement but activated murine complement (9). Other CRP mutants, H38R and D112N, that did not activate human complement were not tested for murine complement activation earlier. Here, we report that the CRP mutant H38R does not activate murine complement either. The availability of H38R CRP provided us with the needed tool to test the hypothesis that complement activation by PCh-complexed CRP is critical for CRP to protect mice against pneumococcal infection.



MATERIALS AND METHODS


Construction and Expression of CRP Mutants

The construction of H38A and H38R CRP mutants has been described earlier (12). CRP mutants were expressed in CHO cells using the ExpiCHO Expression System (ThermoFisher Scientific) according to manufacturer's instructions. In brief, non-adherent ExpiCHO-S cells (Gibco) were cultured in a shaker flask at 37°C with 5% CO2. Cells (6 × 106 cells/ml) were then transfected with mutant CRP cDNA (1 μg) using Expifectamine reagent (3.2 μl/ml). Transfected cells were cultured for 20 h at 37°C with 5% CO2. At 20 h post-transfection, ExpiCHO enhancer (6 μl/ml) and ExpiCHO feed (240 μl/ml) were added to the transfected cells and the culture was then transferred to 32°C with 8% CO2. The culture media containing expressed CRP mutants were harvested 14 days post-transfection.



Purification of CRP

WT CRP was purified exactly as described previously, and the same method was used to purify CRP mutants H38A and H38R (21). In brief, CRP was purified by Ca++-dependent affinity chromatography on a PCh-Sepharose column (Pierce), followed by gel filtration on a Superose12 column (GE Healthcare) using the Biologic Duo Flow Protein Purification System (Bio-Rad). Purified CRP was stored in TBS (10 mM Tris-HCl, pH 7.2, containing 150 mM NaCl) containing 2 mM CaCl2 at 4°C and was used within 10 days. The purity and pentameric structure of CRP mutants were determined by SDS-PAGE and gel filtration.

For use in mice, purified CRP was treated with the Detoxi-Gel Endotoxin Removing Gel (ThermoFisher Scientific) according to manufacturer's instructions. The concentration of endotoxin in all CRP preparations, as determined by using the Limulus Amebocyte Lysate kit QCL-1000 (Lonza), was <2.2 endotoxin units per 25 μg CRP.



Murine Complement Activation Assay

First, poly-L-lysine-PnC (P-PnC) was synthesized, as described previously (22), with some modifications. Briefly, 200 μl of 1 mg/ml PnC (Statens Serum Institute, 3459) was slowly added to 10 ml of 10 mM NaOH. Then, 10 mg of cyanuric chloride (Sigma, C95501) was added, followed by the addition of 2 ml of poly-L-lysine (200 μg/ml in H2O), to the mixture. After adjusting the pH to 8.2 using NaOH, the mixture was incubated for 2 h at 4°C with occasional stirring. The resulting P-PnC (poly-L-lysine ~20 μg/ml and PnC ~100 μg/ml) was stored at 4°C; a 1:4 dilution of this preparation was used to coat microtiter wells for the following assays.

Binding of CRP to the PCh ligand P-PnC was evaluated as follows: Microtiter wells were coated with P-PnC in 100 μl TBS, overnight at 4°C. The unreacted sites were blocked with TBS containing 0.5% gelatin for 1 h at room temperature. CRP, diluted in TBS containing 2 mM CaCl2, 0.1% gelatin and 0.02 % Tween 20 (TBS-Ca), was then added in duplicate wells and incubated for 2 h at 37°C. After washing the wells with TBS-Ca, bound CRP was detected by using anti-CRP monoclonal antibody HD2.4 diluted in TBS-Ca. HRP-conjugated goat anti-mouse IgG diluted in TBS-Ca was used as the secondary antibody. Color was developed using ABTS substrate and the OD was read at 405 nm in a plate reader.

Murine complement activation was assessed by measuring the deposition of activated murine C3 on P-PnC-complexed CRP, as follows: Microtiter wells were coated with P-PnC in 100 μl 10 mM phosphate buffer saline, pH 7.2 (PBS), overnight at 4°C. The unreacted sites were blocked with PBS containing 1% BSA for 1 h at room temperature, followed by rinsing the wells with buffer A (PBS containing 0.1% BSA and 1 mM CaC12). CRP diluted in buffer B (buffer A containing 0.01% Tween 20) was then added in duplicate wells and incubated for 1 h at 37°C. The wells were washed with buffer B and then with buffer C (PBS containing 1% BSA, 0.15 mM CaC12 and 0.5 mM MgC12). Normal mouse serum (Innovative Research IGMSC57SER), diluted 1/30 in chilled buffer C, was added to each well and incubated for 30 min at 37°C, followed by washing with buffer C. Goat anti-mouse C3 antibody (Cappel), diluted 1/750 in buffer C, was added to each well. After 1 h at 37°C, the wells were washed, and developed with HRP-conjugated bovine anti-goat IgG (Santa Cruz Biotechnology). Color was developed using ABTS substrate and the OD was read at 405 nm in a plate reader.



Pneumococcus Binding Assay

Pneumococcus binding assay was performed exactly as described previously (16, 23). Briefly, microtiter wells were coated with 107 CFU of pneumococci overnight at 4°C. The unreacted sites in the wells were blocked with TBS containing 0.5% gelatin. CRP, diluted in TBS-Ca, was then added to the wells for 2 h at 37°C. After washing the wells with TBS-Ca, bound CRP was detected by using anti-CRP monoclonal antibody HD2.4. HRP-conjugated goat-anti mouse IgG was used as the secondary antibody. Color was developed using ABTS substrate and the OD was read at 405 nm in a plate reader.



Clearance of H38R CRP From Mouse Circulation

The clearance rate of H38R CRP from the mouse blood was determined as described previously (23). Briefly, five mice were injected i.v. with 50 μg of H38R CRP in 100 μl TBS containing 2 mM CaCl2 through the tail vein. Blood samples were collected from the tip of the tail after 12, 16, 20, and 24 h, and sera were separated. The concentration of CRP in the sera was measured by ELISA.



Mice

Male C57BL/6J mice, 8–10 weeks old, were purchased from Jackson Laboratories and used in the protection experiments. All animal studies have been reviewed and approved by the University Committee on Animal Care.



Pneumococci

Virulent S. pneumoniae type 3, strain WU2 (obtained from Dr. David Briles, University of Alabama, Birmingham, AL), was cultured as described previously (23). Single use bacterial aliquot (1 ml) of virulent stock was prepared and stored at −80°C. For each experiment, an aliquot of frozen pneumococci was thawed in 50 ml Todd-Hewitt broth containing 0.5% yeast extract and incubated at 37°C with shaking at 125 rpm for 3 h and collected from mid-log phase cultures. The culture was centrifuged at 7,500 rpm for 15 min. The bacterial pellet was washed and resuspended in 10 ml normal saline and the volume adjusted to an absorbance A600 = 0.29 (3.5 × 108 CFU/ml). The concentration, purity, and viability of pneumococci was confirmed by plating on sheep blood agar plates.



Mouse Protection Experiments

Mouse protection experiments were performed exactly as described previously (24). In brief, mice were injected i.v. with 25 μg CRP. After 30 min, 100 μl of 3.4 × 108 CFU/ml of pneumococci was injected. Survival of mice was recorded three times per day for 7 days. To determine bacteremia (CFU/ml), blood samples were collected from each surviving mouse twice daily for the first 3 days, followed by once daily for next 2 days. Blood was diluted and plated on blood agar plates and incubated for 18 h at 37°C before the colonies were counted. The plotting and statistical analyses of the data were done using the GraphPad Prism 4 software. Statistical significance for survival among the groups was determined by Log-rank test and differences in bacteremia were analyzed by Mann-Whitney test.




RESULTS

All experiments were performed three times, unless otherwise mentioned, and comparable results were obtained each time. Results of a representative experiment are shown in the figures where the raw data (OD280 or A405) were used to plot the curves.


H38R CRP Does Not Activate Murine Complement

Previously, for murine C3 deposition assays, we used CRP-PnC complexes to activate complement (9). However, we failed to generate a reliable murine C3 deposition assay using commercially available batch of PnC at this time. Instead of using CRP-PnC complexes, we used CRP-P-PnC complexes for murine C3 activation. As shown (Figure 1A), H38A and H38R CRP mutants bound to P-PnC as well as WT CRP did. In the C3 deposition assay (Figure 1B), WT CRP activated murine C3 in a CRP concentration-dependent manner. Like WT CRP, H38A CRP also activated murine C3 in a CRP concentration-dependent manner. Even if the binding of WT CRP and H38A CRP to P-PnC did not differ from each other, H38A CRP was more efficient than WT CRP in activating murine C3. However, H38R CRP did not result in any C3 deposition on CRP-P-PnC, suggesting that H38R CRP was unable to activate murine complement.


[image: Figure 1]
FIGURE 1. Activation of murine complement by human CRP. A representative of three experiments is shown. (A) Binding of CRP to P-PnC. Microtiter wells were coated with P-PnC. CRP diluted in TBS-Ca was added to the wells. Bound CRP was detected by using an anti-CRP antibody. Color was developed and the OD was read at 405 nm. (B) Activation of murine C3 by CRP complexed with P-PnC. Microtiter wells were coated with P-PnC. CRP diluted in TBS-Ca was added to the wells. Normal mouse serum was then added to the wells. Deposited C3 was detected by using goat anti-mouse C3 antibody. Color was developed and the OD was read at 405 nm.




H38R CRP Is Pentameric and Binds to Pneumococci

The elution volume of H38R CRP from the gel filtration column was identical to that of WT CRP (Figure 2A), indicating that the molecular weight of H38R CRP was same as WT CRP. SDS-PAGE analysis (Figure 2B) of H38R CRP confirmed the purity of the preparation and showed that there was no difference in the molecular weight of the subunits of WT and H38R CRP. Thus, H38R CRP was pentameric. Also, the Ca2+-dependent binding of H38R CRP to pneumococci was similar to that of WT CRP (Figure 2C). We have reported previously that the Ca2+-dependent binding of H38R CRP to PnC and PCh-conjugated BSA was also similar to that of WT CRP (12).


[image: Figure 2]
FIGURE 2. Overall pentameric structure of H38R CRP. A representative of three experiments is shown. (A) Elution profiles of CRP from the gel filtration column are shown. CRP in TBS containing 2 mM CaCl2 was applied to the column and eluted with the same buffer. Sixty fractions (0.25 ml) were collected and protein measured (A280) to determine the elution volume of CRP. (B) Denaturing SDS-PAGE of CRP. A Coomassie brilliant blue-stained gel (lane 2, WT CRP; lane 3, H38R CRP), is shown. (C) Binding of CRP to pneumococci. Microtiter wells were coated with pneumococci. CRP diluted in TBS-Ca was added to the wells. Bound CRP was detected by using an anti-CRP antibody. Color was developed and the OD was read at 405 nm.




H38R CRP Is Stable in vivo

We have reported previously that the rate of clearance of WT CRP from mouse circulation was 0.67 μg/ml/h (23). To determine the dose of H38R CRP for in vivo use, we evaluated the rate of clearance of H38R CRP from mouse circulation (Figure 3). The clearance rate of H38R CRP was found to be 0.20 μg/ml/h, suggesting that the clearance of H38R CRP was not faster than that of WT CRP and that the substitution of His38 with Arg did not reduce the stability of H38R CRP in vivo.


[image: Figure 3]
FIGURE 3. Clearance of H38R CRP from mouse circulation. Mice were injected with 50 μg of CRP. Blood was collected at various time points, sera separated, and the concentration of CRP measured.




H38R CRP Does Not Protect Mice Against Pneumococcal Infection

Figure 4 shows the combined results from two separate mouse protection experiments. H38A CRP, which was not different from WT CRP in activating murine complement, was included as a control in the experiment. The median survival time (MST, the time taken for the death of 50% of mice) for mice injected with bacteria alone was 56 h. The MST for mice injected with H38R CRP was 72 h. There was no statistically significant difference between mice receiving H38R CRP and mice not receiving any CRP. The MST for mice injected with either WT CRP or H38A CRP could not be determined since >50% mice survived in both groups. There was no statistically significant difference between mice receiving either WT or H38A CRP.


[image: Figure 4]
FIGURE 4. Survival curves of mice infected with pneumococci with and without CRP. CRP was injected first; pneumococci were injected 30 min later. The data are combined from two separate experiments with seven mice in each group in each experiment. The p-values for the differences in the survival curves between groups A B, A D, B C, and C D were <0.05. The p-values for the differences in the survival curves between groups A C and B D were >0.05.


Next, we determined bacteremia in each surviving mouse (Figure 5). In mice receiving H38A CRP, bacteremia decreased, like in WT CRP-treated mice. There was no statistically significant difference in bacteremia in WT CRP-treated and H38A CRP-treated mice. However, bacteremia continued to increase in H38R CRP-treated mice, like in untreated mice, and mice died once bacteremia was >108 CFU/ml. There was no statistically significant difference in bacteremia in untreated and H38R CRP-treated mice. Combined data from survival of mice and bacteremia suggested that H38R CRP was not protective against pneumococcal infection and that the lethality of H38R CRP-treated mice was due to the inability of H38R CRP to decrease bacteremia.


[image: Figure 5]
FIGURE 5. Bacteremia in mice infected with pneumococci with and without CRP. (A) Blood was collected from each surviving mouse shown in Figure 4. Bacteremia was determined by plating. Each dot represents one mouse. The horizontal line in each group of mice represents median bacteremia. A bacteremia value of >108 indicates a dead mouse. The p-values for the differences between groups A B and A D were <0.05. The p value for the difference between groups A C was >0.05. (B) The median bacteremia values for each group shown in (A) are plotted.





DISCUSSION

Our major findings in this study were: 1. H38R CRP, which did not activate complement in human serum as reported previously (12), did not activate complement in murine serum either. 2. H38R CRP incapable of activating murine complement failed to protect mice against lethal pneumococcal infection. The inability of H38R CRP to protect mice against pneumococcal infection was solely due to its inability to activate the complement system since the H38R mutation did not reduce the stability of CRP; H38R CRP was more stable than WT CRP in vivo. Our findings confirm that complement activation by CRP-PCh complexes constitute the mechanism of CRP-mediated protection (decrease in bacteremia and increase in survival time) of mice against lethal pneumococcal infection.

Previously, we investigated the role of the PCh-binding site of CRP in protection of mice against pneumococcal infection employing a CRP triple mutant, F66A/T76Y/E81A, incapable of binding to PCh and pneumococci. Different mouse models provided different results (23, 24). Surprisingly, in one mouse model, CRP triple mutant protected mice against infection despite being unable to bind to PCh, suggesting that complement activation by CRP-PCh complexes was not required for protection (24). Later, we found out that CRP triple mutant, like acidic pH-treated WT CRP, had inadvertently gained the capability to bind to any protein that was immobilized on a polystyrene surface, including complement factor H (unpublished observations) (25, 26). Factor H is an inhibitor of complement activation and pneumococci recruit factor H to escape complement-dependent killing (27). Our current finding that complement activation by CRP-PCh complexes is absolutely required for protection suggests that in the previously published protection experiments involving CRP triple mutant (incapable of binding to PCh but capable of binding to immobilized factor H), at some point during the decrease in bacteremia, endogenous murine CRP might have participated in protection by binding to PCh on pneumococci and activating the murine complement system (24).

Human CRP activates complement in both human and murine sera (9, 10). Human CRP binds to C1q and activates the classical pathway of complement in human serum (7). It is not known whether the classical pathway is the only pathway through which human CRP can activate human complement. Human CRP does not interact with murine C1q and, therefore, the activation of murine complement by human CRP is not through the classical pathway (9). The pathway through which human CRP activates murine C3 remains undefined (9, 10). Based on the known crosstalk among CRP, lectins, ficolins, and pneumococci, it was proposed earlier that human CRP can activate complement through the lectin pathway also (9, 10, 28, 29). Irrespective of the pathway through which human CRP activates murine complement, our data suggest that the cleft on CRP, that accommodates the binding site for human C1q, is critical for human CRP to activate murine complement. However, all three amino acid residues, His38, Asp112, and Tyr175, critical for the formation of the binding site for human C1q and for activation of human complement, are not critical for murine complement activation. The Y175A CRP does not activate human complement but activates murine complement. The H38R does not activate complement in both human and murine sera. The D112N CRP does not activate human complement and has not been tested for murine complement activation yet. The role of the other amino acid residues, Glu88 and Asn158, present in the CRP cleft in activating murine complement is also unknown.

Despite several unanswered questions regarding the mechanisms of complement activation by human CRP in human and murine sera, we conclude that CRP cannot protect against pneumococcal infection if CRP is unable to activate the complement system. Also, since endogenous murine CRP has been shown to be protective against pneumococcal infection in another mouse model (2), we propose that the experiments on structure-function relationships of CRP in pneumococcal infection employing human CRP mutants should always be conducted employing CRP knockout mice (30).
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The pentraxin is a superfamily of proteins with the same domain known as the pentraxin domain at C-terminal. This family has two subgroups, namely; short pentraxins (C-reactive protein and serum amyloid P component) and long pentraxins (neuronal pentraxin 1, neuronal pentraxin 2, neuronal pentraxin receptor, pentraxin 3 and pentraxin 4). Each group shares a similar structure with the pentameric complexes arranged in a discoid shape. Previous studies revealed the functions of different pentraxin family members. Most of them are associated with human innate immunity. Inflammation has commonly been associated with tumor progression, implying that the pentraxin family might also participate in tumor progression. Therefore, we reviewed the basic characteristics and functions of the pentraxin family and their role in tumor progression.
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INTRODUCTION

The pentraxin family is a superfamily of protein that share the same domain and are made from monomers arranged in pentameric structures with a discoid shape (1). The members of the family are characterized by a 205 amino acids (AA) long conserved sequence located at C-terminal called the pentraxin domain. Members of the pentraxin family share a similar 8 AA (His-x-Cys-x-Ser/Thr-Trp-x-Ser, in which x represent any AA) long conserved sequence called the pentraxin signature within the pentraxin domain (2). Based on the length of the protein sequence, the pentraxin family can be classified into two subfamilies: the short and long pentraxins. The short pentraxins are comprised of C-reactive protein (CRP) and serum amyloid P component (SAP), whereas the long pentraxins are composed of neuronal pentraxin 1(NPTX1), neuronal pentraxin 2 (NPTX2), neuronal pentraxin receptor (NPTXR), pentraxin 3 (PTX3), and pentraxin 4 (PTX4) (3). The long pentraxins are approximately twice the size of the short pentraxins with an un-related long N-terminal sequence. This structure variability of family members could explain their function difference.

In the past decades, studies have revealed the functions of specific members of the pentraxin family. For example, the member of the short pentraxin family, CRP, and SAP were previously reported as mediators in human immune system regulation (4–6). Their functions in immune regulation include acting against pathogen invasion, removing mutant cells, and triggering inflammation. The neuronal pentraxins are involved in the development of the central nervous system and neurodegenerative diseases (7). PTX3 not only participates in immune system activation but also affects tumor progression (8, 9).

Chronic inflammations such as chronic atrophic gastritis and cervical intraepithelial neoplasia have been recognized as precancerous lesions (10). Therefore, inflammation is closely associated with tumor progression, including tumorigenesis, metastasis. Reactive oxygen/nitrogen species (ROS/RNS) produced by immune cells and epithelial cells fight against microbial invasion and eliminate the mutant cell. However, they can cause cell dysfunction and promote tumorigenesis (11, 12). Tumors induce inflammation by either producing antibodies or rejecting immunocytes infiltration to avoid immune system surveillance (13). Additionally, the tumor microenvironment facilitates the growth of cancer cells, metastasis, and enhances drug resistance (14). It is necessary to explore the mechanisms through which inflammation and tumor microenvironment enhances tumor progression.

Several reports have also been documented on the role of the pentraxin family in tumor progression. Likewise, several receptors and pathways have been proposed that could be associated with the mechanisms employed by the pentraxin family in mediating tumor progression. Most members of the pentraxin family can activate the PI3K/AKT/mTOR pathways, thereby interfering with the normal cell- cycle. The neuronal pentraxins and PTX3 possess specific unique receptors that mediates tumor progression (15). In this review, we have summarized the basic characteristics and functions of each pentraxin family member and highlighted the existing connection between their structures and specific roles in tumor progression.



C-REACTIVE PROTEIN

The human C-reactive protein (CRP) gene is located on the chromosome 1q23.2 (16), and has a length of 1.8-kb. It consists of 0.1 kb at untranslated region (UTR) in the 5′ terminal and a 1.2 kb pair UTR region in the 3′ terminal, with two exons separated by an intron. The first exon encodes 18 AA signal peptide and the first two amino acids, whereas, the second exon encodes the rest AA (16). The X-ray derived structures of CPR are pentameric with five subunits arranged in a discoid shape. Each unit contains 206 AA with two anti-parallel b-sheets appearing as a flattened b-barrel with a jellyroll topology. The two sides of its discoid have distinct functions. The Ca2+ binds to the “A” side and activates the classical complement pathway and phagocytosis by interacting with C1q and Fcγ receptor, respectively (17, 18). The “B” side, CRP recognizes phosphocholine (PCh), a bacterial cell wall component, and eliminates the pathogen (19). The CRP also binds to soluble control protein factor H regulating the alternative-pathway amplification and C3 convertase (18). The secretion of CRP by hepatocytes can be stimulated by the IL6 and IL1 (20), which enhances innate immunity by triggering inflammation and neutralizing pathogen (18, 21).


CRP and Tumor

CRP activates various signaling pathways by binding to the Fcγ receptor (22, 23), which links it with inflammation (17). The PI3K/AKT/mTOR signaling pathway is associated with tumor cell proliferation, metabolic reprogramming, apoptosis, and metastasis (24). For instance, the CRP arrest cell-cycle at the sub G1 phase by negatively regulating the PI3K/AKT/mTOR signaling pathway in myeloid leukemia (25) and tongue squamous cell carcinoma (26) thus promoting tumor progression. It has been reported that interaction between CRP and Fcγ receptor I facilitate tumor cell metastasis in breast cancer (23). Furthermore, CRP targets to the p38/MAPK pathway causing lytic bone lesions (27) and activates the PI3K/AKT/mTOR and the ERK/NF-κB pathway thereby inhibiting tumor cell apoptosis via the Fcγ receptor II in multiple myeloma (22).

Previous reports showed that CRP is a clinical marker for infection and has a regulatory role in innate immunity (17, 28). The IL-6/JAK/STAT signaling pathway has been reported to enhance CRP expression in glioblastoma (29), clear cell renal cell carcinoma (30) and gastroesophageal cancers (31). Moreover, the pathway enhances the formation of CRP-mediated tumor microenvironment by activating tumor-associated macrophages (30) and tumor angiogenesis (32, 33). CRP regulates cell apoptosis and cell-cycle in clear cell renal cell cancer (34). Notably, inhibiting CRP expression by targeting IL-1 can prolong overall survival time for patients with multiple myeloma (35).

Multiple studies have, therefore, confirmed that CRP could be used as a prognosis factor (36–38). This has been reported in different tumors including breast cancer (39), prostate cancer (40), non-small cell lung cancer (41), hepatocellular carcinoma (42), cervical cancer (43), head and neck squamous cell carcinoma (44), diffuse large B-cell lymphoma (45) and osteosarcoma (46). The specific mechanisms involved are still lacking. Controversies have also emerged in determining the role of CRP in pancreatic cancer (47, 48) and colorectal cancer (49–51). Considering that CRP also affects tumor progression, more effort in explicating its role in the tumor might be beneficial in understanding the connection between tumor and human innate immunity (Figure 1).


[image: Figure 1]
FIGURE 1. The role CRP on the innate immune system and tumor progression. The Fcγ receptor is expressed on the cell surface of immunocyte and multiple myeloma cells. CRP binds to Fcγ receptor to promote inflammation and tumor progression. The downstream pathways of this receptor in tumors include the PI3K/AKT/mTOR pathway, the ERK/NF-κB pathway and the p38/MAPK pathway. CRP regulates the expression of osteolytic cytokines in myeloma cells through p38 MAPK-Twist signaling.





SERUM AMYLOID P COMPONENT

The serum amyloid P component (SAP) gene, identified as a close CRP paralog, is also localized on the chromosome 1q23.2 and shares the same gene architecture (52). The gene is approximately 1.1 kb long with 0.1 kb 5′ UTR and 0.15 kb 3′ UTR. The SAP structure is similar to CRP except that its subunits consist of 204 AA and has a slight difference at the calcium-binding site (4, 53, 54). In the absence of calcium, SAP form decamers composed of two pentamers facing each other (4). The two ligands of SAP, deoxyadenosine 5′-monophosphate (dAMP), and the 4,6-pyruvate acetal of β-D-galactose (MoβDG), bind calcium and amyloid fibrils, respectively (55). To distinguish structure and gene sequence of short pentraxins, we archived data on the 3D structure for CRP and SAP from the PDB web portal (https://www.rcsb.org/, Figures 2A,B). The prediction of their domain was inferred from the Pfam database (http://pfam.xfam.org/, Figure 3) and the Genecard database (https://www.genecards.org/, Table 1).


[image: Figure 2]
FIGURE 2. Structure of the pentraxin family members. Protein structure of CRP (A) and SAP (B) from the PDB website and the hypothetical structure of the full monomer (C-terminal domain and N-terminal domain) of PTX3 (C), PTX4 (D), NPTX1 (E), NPTX2 (F), NPTXR (G) from the Swiss database.



[image: Figure 3]
FIGURE 3. Location of protein domain for each family member and their sequence homology. The outcome was predicted by the Pfam database. Pink box: Pentraxin domain. Green box: Coiled coil. Yellow box: Low complex region. Red box: Transmembrane region. A homology tree based on the similarity of the protein sequence of members of the pentraxin family is generated.



Table 1. The basic characteristics of two short pentraxins, CRP and SAP.
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Like CRP, SAP is also secreted by hepatocytes and mediates innate immunity by interacting with the complement system and the Fcγ receptor (17). This decreases neutrophil adhesion, inhibits neutrophil spreading, regulates macrophage activation (56), and inhibits fibrocyte differentiation (57). Besides, SAP is involved in immunological tolerance by binding to DNA or chromatin resulting from necrosis and apoptosis cell (58). Furthermore, SAP binds to amyloid fibrils through MoβDG, thereby causing amyloidosis disease (4–6). SAP is also associated with tuberculosis (59) and sickle cell disease (60), but the specific mechanisms are unknown. Despite limited reports on the role of SAP in tumors, SAP is considered a prognosis factor in non-small cell lung cancer (61). The highly structural homology between SAP and CRP suggests that SAP has the potential to mediate tumor progression through the Fcγ receptor.



THE NEURONAL PENTRAXINS

Neuronal pentraxin 1 (NPTX1 or NP1) is a 47–50 kDa secreted glycoprotein mainly expressed in neurons. The NPTX1 gene is located on chromosome 17q25.3. Its cDNA clones sequence is made up of a 150 bp 5′UTR, a 1.3 kb coding region, and a 3.6 kb 3′UTR with four introns (62). NPTX1 contains three main domains: a putative ligand- and calcium-binding site, the pentraxin domain, and an Asn-linked glycosylation site (62). Three NPTX1 domains, including the Pentraxin-related domain, the Pentraxin_CS (Pentraxin, conserved site), and glucanase domain superfamily (ConA-like_dom_sf) are speculated from the Genecard database.

Neuronal pentraxin 2 (NPTX2 or NP2, also known as apexin/p50 in guinea pig or narp in rat), is a ~47 kDa secretory glycoprotein with 431 AA. It is expressed in various tissues of the brain, testicle, pancreas, and skeletal muscle (1). The human NPTX2 gene is located on chromosome 7q22.1. Its cDNA sequence is made up of a 1.3 kb coding region and 1.2 kb 3′-UTR with four introns (1). Domains of NPTX2 are the same as those of NPTX1, according to the speculation from the Genecard website.

Neuronal pentraxin receptor (NPTXR or NPR) is an ~53 kDa type-II transmembrane protein with 500 AA and is mostly expressed in the brain. It is the only pentraxin family member anchored to the cell membrane by a putative N-terminal transmembrane domain. The receptor binds tightly to its ligands, such as taipoxin, TCBP49, NPTX1, and NPTX2, and activates different downstream signal transduction processes (63). In the human genome, the NPTXR gene is located on chromosome 22q13.1 and has the longest cDNA clones sequence containing a 3.9 kb 3′ UTR and a 1.5 kb open reading frame (63). From the Gencard database, this protein consists of two main domains, Pentraxin-related domain and glucanase domain superfamily (ConA-like_dom_sf). The N-terminal structure of the neuronal pentraxins is unrelated to other known human protein structures (64). Therefore, multiple online databases were used to generated detailed information about the structures of the neuronal pentraxins. The 3D structures of monomer were referenced from the Swiss database (https://www.swissmodel.expasy.org/, Figures 2E–G), and their domains were projected from the Pfam (Figure 3) and the Genecard databases (Table 2).


Table 2. The basic characteristics of the long pentraxins.
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The Function of the Neuronal Pentraxins

The neuronal pentraxins have different functions in the development of the central nervous system (7) such as mediation of neural differentiation (69), synaptogenesis (75) and synapse plasticity (76, 77). Abnormal expression of the neuronal pentraxins has been reported in some mental diseases such as bipolar disorder (78), central precocious puberty (79), anxiety (80), depression (80), childhood-onset mood disorders (81) and schizophrenia (82). The neuronal pentraxins are associated with neurodegenerative diseases, including Alzheimer's disease (AD) (83, 84) and Parkinson's disease (PD) (85, 86). Researchers concluded that NPTXR protein in cerebrospinal fluid is a novel potential biomarker of AD progression and could have important utility in assessing treatment success in clinical trials (83), and NPTX1 could significantly contribute to the pathogenesis of PD (87). Moreover, only NPTX1 among all the neuronal pentraxins participates in inflammation by inducing mitochondria dysfunction (65, 67). Despite the neuronal pentraxins contains the pentraxin domain like the short pentraxins, few studies have classified their roles in human innate immunity which might result from the difference in their tertiary structure.



The Neuronal Pentraxins in Cancer

Several pathways were identified as potential mechanisms through which the neuronal pentraxins promote tumor progression. NPTX1 and NPTX2 were reported to cause dysfunction of the PI3K/AKT/mTOR pathway thereby affecting tumor progression in glioma (66), gastrointestinal stromal tumors (GIST) (88) and subependymal giant cell astrocytoma (89). Additionally, NPTX2 promotes tumor cell proliferation and metastasis by activating the NF-κB pathway (71, 90) and the Wnt/β-catenin pathway (70). It also induces tissue edema via an independent pathway from the classical VEGF-relate pathway (91). The dysfunction of the PI3K/AKT/mTOR pathway interferes with the normal cell-cycle and causes tumorigenesis. Similarly, NPTX1 and NPTX2 can inhibit cyclin A2 and CDK2 through the Rb/E2F signaling pathway (68), respectively, thus inducing G0/G1 arrest in pancreatic cancer (92, 93). Overexpression of NPTX2 has been identified as a prognosis factor in clear cell renal cell carcinoma, and its interaction with AMPA-selective glutamate receptor-4 affects tumor cell viability and metastasis (94, 95).

Abnormal expression of the neuronal pentraxins has been reported in different tumors such as cervical carcinoma (96), primary lung cancer (97), Ewing sarcoma (98), neuroblastoma (99), small cell lung cancer (100) and neuroblastoma (99). Another study has reported an increase in NPTX1 expression in pancreatic cancer after treatment with metformin and aspirin (101). On the contrary, a low level of NPTX2 showed better response to neoadjuvant chemoradiation (CRT) treatment in rectal adenocarcinomas (102).

The neuronal pentraxins are crucial in the central nervous system development when they interact with the AMPA receptor. The AMPA receptor has been proved to be associated with tumors (103, 104). Therefore, the AMPA receptor is a potential linkage between the neuronal pentraxins and tumor development as opposed to other members of the pentraxin family. Conclusively, the above-reviewed studies did not reveal the explicit mechanism through which the neuronal pentraxins affect tumor progression; however, they form the basis for in-depth studies on the existing association between the two.




PENTRAXIN 3 AND PENTRAXIN 4

Pentraxin 3 (PTX3) and pentraxin 4 (PTX4) are characterized as long pentraxins. The PTX3 gene is located on chromosome 3q25 and has three exons and two introns (105). The three exons encode the leader peptide, an N-terminal domain, and the pentraxin domain, respectively (106). The N-terminal domain of PTX3 and PTX4 is not related to any known protein. However, based on previous research, PTX3 has a putative N-terminal domain that shows structural similarity to the mannose-binding protein and the surfactant proteins (107). PTX3 is secreted by different cell types that include dendritic cells, macrophages, and fibroblasts (108).

PTX4 gene is located on chromosome 16p13.3 and consists of three exons. However, the human PTX4 cDNA sequence and its first exon failed to amplify because it was different from the sequences in the various database (109). The sequence analysis of the protein showed a highly structural homology between PTX4 and the short pentraxins (Figure 2D). This indicates that PTX4 might be playing specific roles in innate immunity or tumor progression. To compare the PTX3 and PTX4 structures, their 3D structures were predicted from the Swiss database (https://www.swissmodel.expasy.org/, Figures 2C,D), and their domain predicted from the Pfam (Figure 3) and the Genecard databases (Table 2).


Functions of PTX3 and PTX4

From the previous study, an increase in blood PTX3 concentration serves as a monitor of inflammation initiation. The maximal PTX3 level increased slightly earlier than the CRP level (110), suggesting that PTX3 could be a highly sensitive inflammation-related factor. The interaction between PTX3 and the complement system has broad implications in host defense against microbial infections, regulation of the inflammatory reaction, and removal of dead cells. PTX3 is actively involved in the complement pathways activation (111). For example, the classical activation cascade may be initiated when PTX3 binds to C1q via the Fcγ receptor III once the latter is bound on a microbial surface (64, 112, 113). However, the process can be inhibited if the interaction occurs in the fluid-phase (114).

Furthermore, the N-terminal domain of PTX3 enhances tissue repair and remodeling functions (115). A study reported that PTX3 inhibited interstitial fibrosis in acute renal injury (73), indicating its role in an extracellular matrix formation. The N-terminal domain also combines with FGF2 to mediate angiogenic activity (116). For PTX4, there is currently no evidence supporting its functions in innate immunity or tumor progression.



PTX3 and Cancer

PTX3 interacts with the PI3K/AKT/mTOR signaling pathway to induce tumor cell proliferation, apoptosis and metastasis in lung cancer (9), head and neck squamous cell carcinoma (74) and breast cancer (117). PTX3 also inhibits cell proliferation and tumor metastasis by modulating the expression of protein related to the G2/M phase cell-cycle in cervical cancer (118). Furthermore, it arrests cell-cycle at the G0/G1 phase by stimulating the secretion of p21 protein in glioma (119).

Notably, we reported that PTX3 interacts with the fibroblast growth factor-2 (FGF2)/FGF receptor (FGFR) system that mediates the epithelial-mesenchymal transition (EMT) through its N-terminal domain (120). Through this system, PTX3 inhibits tumor metastasis, tumor growth and tumor angiogenesis in melanoma (8), breast cancer (121), prostate cancer (122) and multiple myeloma (123). Besides, PTX3 binds to fibroblast growth factor-8b receptor (FGF8b) and inhibits tumor cell proliferation in steroid hormone-regulated tumors (124). Compared to other pentraxin family members, the PTX3 is highly associated with the FGFR system.

Abnormal PTX3 expression was also observed in different tumors, including glioma (125), esophageal squamous cell carcinoma (126), pancreatic cancer (127), gastric cancer (128), colorectal cancer (129), leiomyosarcoma and desmoid tumors (130). Previous studies have shown that the activation of Fcγ receptor promotes tumor progression (131, 132). Of note, Fcγ receptor expression on NK cells modulates tumor response to immunotherapy (133), and PTX3 can exert its function in human immunity by interacting with this receptor. However, no current research has bridged PTX3 and tumor progression through the Fcγ receptor. Therefore, the multifaceted role of PTX3 in cancer requires further comprehensive study.




OVERALL SURVIVAL ANALYSIS PREDICTION

We conducted the overall survival analysis of the pentraxin family to establish the relationship between the tumor and the pentraxin family members using the Gepia web portal (http://gepia.cancer-pku.cn/, Supplementary Table).

For short pentraxins, low expression of CRP showed better survival outcomes in kidney renal papillary cell carcinoma (KIRP) than high CRP expression (Figure 4A). There was no significant difference in survival outcome between the high and low expression of SAP. The expression levels of PTX4, with similar protein sequence as short pentraxins, showed a significant difference in survival outcome in adrenocortical carcinoma (ACC) and head and neck squamous cell carcinoma (HNSC) (Figures 4B,C).


[image: Figure 4]
FIGURE 4. Survival analysis based on members of the pentraxin family from the Gepia website. Outcome of survival analysis predicted by the Gepia database including CRP (A), PTX4 (B,C) and the neuronal pentraxins (D–P).


We revealed that low NPTX1 expression improved the survival outcomes in patients with adrenocortical carcinoma (ACC), urothelial bladder carcinoma (BCLA), kidney renal papillary cell carcinoma (KIRP), stomach adenocarcinoma (STAD) and uveal melanoma (UVM), (Figures 4D–H). Patients that showed high expression of NPTX2 frequently exhibited worse survival outcomes for glioblastoma multiforme (GBM), kidney renal papillary cell carcinoma (KIRP), lung squamous cell carcinoma (LUSC) and uveal melanoma (UVM), (Figures 4I–L). On the other hand, overexpression of NPTXR predicted worse survival outcomes for colon adenocarcinoma (COAD), mesothelioma (MESO), and pancreatic adenocarcinoma (PAAD) and better survival outcome in uterine corpus endometrial carcinoma (UCEC) (Figures 4M–P).

Therefore, PTX3 is considered a promoter in tumor progression since its overexpression resulted in worse survival outcomes in invasive breast carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), head and neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), brain lower-grade glioma (LGG), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), mesothelioma (MESO), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA) and uterine corpus endometrial carcinoma (UCEC), (Figure 5).
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FIGURE 5. Impact of PTX3 on overall survival and tumor phenotypes based on the Gepia dataset. (A) Breast invasive carcinoma. (B) Cervical squamous cell carcinoma and endocervical adenocarcinoma. (C) Head and Neck squamous cell carcinoma. (D) Kidney renal clear cell carcinoma. (E) Kidney renal papillary cell carcinoma. (F) Brain Lower Grade Glioma. (G) Lung adenocarcinoma. (H) Lung squamous cell carcinoma. (I) Mesothelioma. (J) Stomach adenocarcinoma. (K) Thyroid carcinoma. (L) Uterine Corpus Endometrial Carcinoma. The overall survival of tumor that cannot be predicted by PTX3 expression is not listed.


The protein structure variability sheds light on the prognosis prediction ability of members of the pentraxin family. The expression of PTX3 affects multiple tumor types compared to other members of the pentraxin family, implying a potential association between its putative N-terminal domain and tumor progression. PTX4 shares a similar protein structure with the short pentraxins, and they are both poor predictors of survival outcomes of patients suggesting that they mainly concentrate on monitoring inflammation. However, this deduced relationship between protein structure and their prognosis capability requires further confirmation.



CONCLUSIONS

Emerging evidence confirms that the pentraxin family is associated with tumor progression by affecting tumor proliferation, mediating tumor cell apoptosis, inducing tumor metastasis, and promoting tumor tissue edema (Table 3, Figure 6). The tumor microenvironment is an extremely complex network consisting of cancer-associated fibroblasts, adipose cells, immunocytes, new-born vessels, and extracellular matrix. The pentraxin family promotes the formation of tumor microenvironment by facilitating macrophage infiltration and stimulating cytokines secretion. The pentraxin family, therefore, plays an essential role in tumor progression, although the exact mechanisms are still unknown and require further in-depth studies.


Table 3. Role of pentraxins in the control of various tumors.
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FIGURE 6. Mechanisms of pentraxin family in tumor progression. At the core is the pentraxin family and its seven members. The pentraxin family mainly participates in tumor metastasis, tumorigenesis, tumor cell apoptosis, tumor cell proliferation, and regulation of tumor microenvironment.


Protein structure of short pentraxins and their role in the immune system has highly been explored compared to the long pentraxins. It has been reported that PTX3 and NPTXR, for example, have an additional N-terminal domain other than the known pentraxin domain and exhibit different functions. Each pentraxin family member has their specific unique functions, for instance, SAP binds to amyloid fibrils and the neuronal pentraxins and extensively participates in the central nervous system development. Furthermore, the pentraxin family affects tumor progression through their unique receptors and pathways. Therefore, an in-depth analysis of the protein structure of the pentraxins family and their underlying mechanisms using advanced electron microscopy technologies, such as cryo-electron microscopy, is important for future research.

The PI3K/AKT/mTOR pathway is commonly associated with the pentraxin family in inducing tumor progression. Nevertheless, each pentraxin family member poses a specific receptor linked with tumor progression. Short pentraxins bind with the Fcγ receptor to activate different pathways. Studies have proposed that the AMPA receptor bridges the neuronal pentraxins and tumor by mediating intracellular free concentration of calcium known to be vital for various downstream pathways. PTX3 modulates tumor cell adhesion and metastasis by interacting with the FGFR system. SAP and PTX4 share highly structural homology with CRP, but limited research has focused on their association with the tumor, similarly with the neuronal pentraxins. Tumor microenvironment and inflammation are two crucial components that influence tumor progression through active communication with each other (138, 139). The pentraxin family can both initiate inflammation and promote tumor progression.
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C-reactive protein (CRP) is a widely known, hepatically synthesized protein whose blood levels change rapidly and pronouncedly in response to any tissue damaging event associated with an inflammatory response. The synthesis and secretion of CRP is stimulated by interleukin-6, an early pleiotropic cytokine released by macrophages, endothelial, and other cells that are activated when localized normal tissue structures are compromised by trauma or disease. Serum CRP levels can change rapidly and robustly from 10-100-fold within 6–72 h of any tissue damaging event. Elevated blood levels correlate with the onset and extent of both activated inflammation and the acute phase biochemical response to the tissue insult. Because its functional bioactivity as the prototypic acute phase reactant has eluded clear definition for decades, diagnosticians of various conditions and diseases use CRP blood levels as a simple index for ongoing inflammation. In many pathologies, which involves many different tissues, stages of disease, treatments, and responses to treatments, its interpretive diagnostic value requires a deeper understanding of the localized tissue processes and events that contribute signals which regulate protective or pathological host defense bioactivities. This report presents concepts that describe how local tissue activation events can lead to a non-proteolytic, conformational rearrangement of CRP into a unique isoform with distinctive solubility, antigenicity, binding reactivities and bioactivities from that protein widely known and measured in serum. By describing factors that control the expression, tissue localization, half-life and pro-inflammatory amplification activity of this CRP isoform, a unifying explanation for the diagnostic significance of CRP measurement in disease is advanced.

Keywords: CRP - C-reactive protein, MCRP, inflammation, conformational isoforms, blood kinetics, modified/monomeric (mCRP)


INTRODUCTION

C-reactive protein (CRP) is a key protein of innate immunity. Structurally, it is a non-glycosylated, non-covalently associated protein of five homologous globular subunits arranged in discoid symmetry (1). Each subunit has a calcium-regulated shallow binding pocket for ligands expressing phosphocholine (PC) moieties with all five PC binding pockets expressed on the same face of the flattened pentameric disc. CRP's bioactivities as an effector molecule of innate immunity involves its role as a pattern recognition ligand for exposed PC groups as may be expressed in teichoic acid of Gram positive bacteria or on activated cell membranes where phospholipid bilayers buckle in response to activation signals such as Phospholipase A2 or lipid acyl chain oxidation (2, 3). When bound, CRP is reported to activate endothelial cells, platelets, leukocytes and the complement system, and influence the overall inflammatory response that involves the earliest acute phase host defense response to any inciting threats to tissue homeostasis (4, 5). While CRP has been widely studied as a key protein of the acute phase response (APR), its role in activating and/or regulating host defense processes has remained undefined.

While CRP blood levels change rapidly and pronouncedly with any host defense response to tissue damaging events that triggers inflammation, the lack of understanding of its true function has limited the diagnostic interpretation of its blood levels. On the other hand, assays to quantify CRP in blood have evolved to be rapid, economical and sensitive. Due to its recently availability and accessibility as point-of-care measurements, CRP has replaced the Erythrocyte Sedimentation Rate as the best diagnostic index for ongoing inflammation in an individual. However, CRP blood levels can vary 10-to-100 fold within 6–72 h of the initial tissue insult, its levels are not only used as general identifier of ongoing inflammation but as an index of the extent to which the APR and inflammation are actively stimulated and for how prolonged the inflammation persists. Extreme elevations in blood levels of CRP that persist or recur over time are generally perceived to be a bad omen for disease progression.

One particularly confounding disease in understanding of diagnostic relevance of CRP is cancer. Cancer disease can be variable in that it involves different tissues and pathological stages, can persist for years and can be in progression or remission. Despite these disparate conditions, many publications include discussions of CRP blood levels without elaborating on disease conditions when CRP blood levels were taken. Indeed, reported CRP levels vary from high sensitivity levels (i.e., CRP values <10 μg/ml), to conventional levels (i.e., values above 10 μg/ml), and in certain instances up to more than 200 μg/ml. A consensus understanding of what divergent CRP levels indicate in individual cancer cases as related to both the disease and the progression of disease has been lacking. Exhaustive reviews in the literature (6–9) have revealed that (1) CRP levels above 10 μg/ml are indicative of an ongoing tissue damaging inflammatory response in a patient; (2) CRP levels progressively increasing from 10 μg/ml to more than 100 μg/ml are indicative of progressively more active inflammation and disease progression; (3) CRP levels above 100 μg/ml are prognostic of a poor outcome and/or a failure to respond to therapy; (4) CRP and other inflammatory markers are not useful tools to diagnose the presence of cancer. Because CRP levels increase and decrease rapidly (within days), changing without a memory response, it is important to assess the diagnostic relevance of CRP as a function of when measurements are made, as a function of disease stage, and as a function of patient responses to any treatment. A potential strategy was hypothesized by Coventry et al. (10) to monitor the sequential CRP values in a defined time frame and correlate the CRP levels increase with cancer disease progression; and reciprocal decrease of the sequential CRP values during cancer remission.

This report introduces a unifying explanation for the quantitative and temporal appearance of CRP in blood and its innate bioactivities as the prototypic acute phase reactant. With the newly appreciated understanding that CRP is a dynamic protein that can undergo in situ a non-proteolytic conformational change into a unique, distinctive isoform, its role in amplifying and regulating inflammation is described. The protein found and quantified in blood is the pentameric discoid protein (i.e., abbreviated “pCRP” for “pentameric CRP”). When pCRP binds to an activated membrane, biochemical forces contribute to dissociation of the pentamer which induces a pronounced structural rearrangement exposing a cryptic binding site on the dissociated CRP subunits for cholesterol molecules found in lipid rafts. Dissociated CRP subunits are described as “monomeric, modified” CRP (i.e., abbreviated as “mCRP”) (11–16). The mCRP isoform is antigenically distinctive from the pCRP isoform and has significantly reduced aqueous solubility. When mCRP enters into lipid rafts, it triggers intracellular signaling pathways that strongly enhance pro-inflammatory activities generally known to be activated as part of the earliest phases of the acute phase response (17). By carefully evaluating the distinctive bioactivities of pCRP and mCRP, it is now established that pCRP has weak anti-inflammatory bioactivity while mCRP has strong pro-inflammatory bioactivity (4). By introducing and interpreting these novel concepts of the distinctive structural isoforms of CRP, a unified hypothesis for the diagnostic and therapeutic role of CRP is advanced. This report presents concepts of two structural isoforms of CRP with distinctive bioactivities as a relevant index to assess disease progression, and how the natural host defenses respond to disease.



HISTORICAL REFLECTIONS ON CRP AND ITS ROLE IN HEALTH AND DISEASE

As an evolutionarily conserved protein found in almost all lower species (18), it is tempting to speculate on the fundamental role that CRP may have in regulating innate defenses. Studies have appeared noting that CRP blood levels do increase in children with protein calorie malnutrition (19–21). This observation suggests that even during periods where hepatic gluconeogenesis is activated to supply metabolic fuel, the need for CRP supersedes the need to supply metabolic energy.

Even though the CRP response is associated early during innate immunity, its bioactivities have also been linked to binding immunoglobulin Fc receptors [reviewed in (4)]. Thus, CRP contribute to effector mechanisms with crossover activity between innate and adaptive immunity. However, CRP blood levels fluctuate independently of immunoglobulin concentrations (22) and a CRP response has been measured in agammaglobulinemic patients (23) indicating at least part of its biofunction occurs in the absence of antibody-mediated effector responses.

The extent to which blood levels of CRP increases above 10 μg/ml has been used to differentially diagnose certain diseases (24, 25). For example, CRP levels increase more pronouncedly in rheumatoid arthritis compared to systemic lupus (26). CRP levels are also found higher in bacterial infections than those caused by a virus, being helpful in directing the use of antibiotic therapy (27). CRP levels are also elevated during acute bronchitis compared to episodes of asthma (28). Most fundamentally, the more severe the tissue damage and stimulated inflammatory response, the higher the CRP levels. Higher CRP values are reported to correlate with poorer prognoses in any disease where CRP is measured. By focusing on the relationship of CRP blood levels to tissue damage rather than inflammation, a consensus can be made that CRP levels > 50–100 μg/ml are indicative of tissue damage that is so severe as to threaten survival.

Surprisingly, even though there is a clear association of CRP levels with the inflammatory response that occurs following any tissue damaging event, CRP is not found to selectively localize to injured tissue sites (29). Using intravenously injected 125I-labeled CRP in human turnover studies, CRP was found to be a blood protein with a mean plasma half-life of 19 h. Its plasma clearance rate was similar in both normal control and various patient groups including patients with active autoimmune diseases, localized infections and localized cancers. While on the surface the fact that CRP does not locally sequester to the site of injury or disease would appear to be counterintuitive, these results call to question its true relationship as a mediator of host defense processes activated at sites of injured tissues.



USE OF CRP AS A DIAGNOSTIC MARKER IN DISEASE

The US Department of Health and Human Services guidelines for interpreting the diagnostic significance of CRP values defines a difference between “Conventional CRP” values and “High Sensitivity CRP” values (30). FDA guidance is only given for conventional CRP levels, defined as being > 10 μg/ml. While hsCRP levels (i.e., <10 μg/ml) are an area of great research interest, the FDA warns that such values are non-specific and should only be interpreted in combination with a full clinical evaluation. In multicenter studies involving tens of thousands of CRP measurements, the significance of hsCRP levels as having predictive clinical value has been questioned (31, 32).

One explanation for differences in baseline hsCRP levels has been attributed to genetic polymorphisms in the promoter region of the transcribed CRP gene. The gene for CRP is located on Chromosome 1 locus q23.2, the largest human chromosome, having about 8% of total DNA in human cells. Chromosome 1 is reported to have 249 × 106 nucleotide base pairs and > 4,300 genes. The CRP gene is comprised of 2 exons separated by a single intron of 278 nucleotides that includes a dinucleotide GT repeat sequence. Exon 1 encodes for an 18 amino acid leader sequence and the first 2 (of 206) amino acids in the mature CRP subunit and exon 2 codes for the remaining 204 amino acids (33). While genetic polymorphism has been associated with slight changes in circulating CRP levels (34), there is no known significance of such polymorphism on disease risk (35).

In focusing on specific patient ethnicities, genders and general activities rather than disease, differing interpretations and explanations for the diagnostic value of hsCRP have emerged (36, 37). hsCRP levels were found to be higher in women and black ethnicities and were found to decrease in Hispanic men engaged in average to above average physical activity. Of note, vigorous exercise by black and white men appeared to lower hsCRP levels. In this report, no interpretation is given to any CRP level <10 μg/ml (i.e., hsCRP). Emphasis is instead placed on understanding the relationship of conventional CRP levels as an index for and persistence of tissue damage associated with disease and disease progression. The widely accepted association of CRP with inflammation is not challenged. However, since inflammation is a natural response to tissue damage, readers are encouraged to broaden their understanding to associate CRP levels with the presence and extent of tissue damage. In doing so, and by understanding that CRP is not a single, unchanging/rigid structural entity (as outlined below), a common theme for the bioactivities of CRP emerges, defining the understanding of its fundamental role as a key protein of the acute phase host defense response.



STRUCTURAL ISOFORMS OF C-REACTIVE PROTEIN (CRP) EXHIBIT DISTINCT ANTIGENICITY AND BIOACTIVITY

CRP is widely recognized as a key acute phase reactant found in blood, primarily produced hepatically in response to tissue damage that elicits an inflammatory response (38–44). CRP is a protein of the innate (natural) immune system, providing baseline protection as a pattern recognition molecule, and as a regulator of host defense responses involving tissue barriers, vascular activation, phagocytic responses, and amplification mechanisms. As these host defenses feed into and direct certain responses of the acquired (specific) immune system (3, 45), CRP has been broadly studied as a molecule that can contribute to both positive and negative immune responses to essentially all disease etiologies. While the consequences of an impaired CRP response are unknown, the consequences of an impaired innate immune response include changes in natural resistance to pathogens and the development of autoimmune diseases. While CRP has been recognized for over 70 years as a blood protein whose levels change correlate with ongoing active inflammatory responses, its biological role during such processes remained undefined and controversial with conflicting reports concluding it both promoted and inhibited inflammation (46).

CRP is a highly soluble protein comprised of five non-glycosylated globular subunits arranged in cyclic symmetry (Figure 1). Its three-dimensional structural conformation has been resolved using X-ray crystallographic analyses (47, 48), as well as by deduction from the X-ray crystallographic analysis of the Serum Amyloid P component (SAP), which shares 51% amino acid sequence homology with CRP and 59% nucleotide sequence identity (49, 50).
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FIGURE 1. Key structural features of serum-soluble pentameric CRP. (A) illustrates the location and orientation of Phosphocholine (PC) binding sites (one per subunit, PC groups shown in gray and involving residues L64, F66, and T76 of each subunit (there are 206 amino acids in each subunit), calcium ions (two per subunit shown in orange, juxtaposed to each PC binding sites and involving residue E147), inter-subunit contact residues (shown in yellow and involving 40YTE42, 115PRVRKSLKK123 AND 197EVFTKP202 and which non-covalently contribute to pCRP pentameric quaternary structure), the one per subunit intrachain disulfide bond (shown in red and covalently linking C36–C97 in each subunit) and the location and orientation of the cholesterol binding residues (shown in blue and involving 35VCLHFYTELSSTR47) in relation to the PC-binding sites and the inter-subunit contact residues (PDB code: 1B09) [residues identified in Shrive et al. (1)]. (B) illustrates the orientation of these same residues when the discoid protein is laid flat (i.e., side view). This view illustrates that all PC binding sites are on one face of the flattened discoid structure and shows how a single helical secondary structure (involving residues 168PDEINTIYL176) is oriented on the top of the opposite face of the discoid protein.


CRP levels in blood change markedly within hours to days of any event that involves tissue damaging pathology. While some variability exists in laboratory methods used to establish baseline levels, healthy individuals are found to have blood levels between 1 and 3 μg/ml (25). In response to tissue trauma, blood levels increase within 6–48 h to levels generally related to the extent of the tissue damage. As inflammation is a natural host defense response to tissue damage, CRP levels have historically been diagnostically associated with inflammation rather than tissue damage. More directly, CRP levels change in response to the presence and extent of tissue damage which in turn activates the acute phase inflammatory response to the injury. Acute inflammation, occurring within minutes to hours of the tissue damaging event, is generally regarded as beneficial to host defense response. Chronic inflammation, which can persist for days, weeks, months, or years, can lead to healthy tissue damage and disruption, weakened host defenses, and problematic pain responses. This distinction is of relevance to a discussion of CRP because CRP is now known to exist in at least two isomeric structural forms with opposing activities on the inflammatory response (see below). The CRP isoform recognized and measured in blood is the highly soluble, non-covalently associated cyclic pentamer (described as pentameric or “pCRP”). pCRP has recently been shown to have weak anti-inflammatory bioactivities. When the pentamer is coerced to dissociate into individual subunits, however, it undergoes a non-proteolytic, substantial conformational change into a structurally, antigenically and biologically distinctive molecule described as modified, monomeric CRP (i.e., “mCRP”). mCRP is a short-lived isoform with potent pro-inflammatory, acute phase amplification bioactivities that are associated with the earliest phases of the acute, beneficial inflammatory response (4).

pCRP is a substrate for the formation of mCRP. At local sites of tissue damage, pCRP can be induced to convert into mCRP by binding to and interacting with membrane lipids [initially using its calcium dependent binding specificity for ligands expressing phosphocholine (PC) ] (51). Membrane PC groups are most accessible for pCRP binding after Phospholipase A2 cleaves an acyl chain from a phospholipid, creating the detergent-like lipid, monoacyl (Lyso)-PC. Membrane bound pCRP is brought into juxtaposition with apolar regions of the membrane, which contributes biochemical energies needed to dissociate the pentamer. Furthermore, the structural change of each CRP subunit that accompanies membrane interaction, exposes a new binding site (only expressed on the mCRP isoform) for cholesterol found in lipid rafts (2, 17, 52) (Figure 2), membrane microdomains that regulate cellular signaling pathways of importance in health and disease (53).
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FIGURE 2. Conversion of pCRP to mCRP induces inflammatory signaling. Monoacyl phosphatidylcholine (aka Lyso-PC or LPC) generated by phospholipase A2 (PLA2) in the lipid bilayer, or by oxidation of lipid acyl chains by reactive oxygen species, promotes the binding and dissociation of pentameric CRP (pCRP) to monomeric CRP (mCRP). Formation of mCRP exposes a cholesterol binding sequence such that mCRP enters cholesterol-rich lipid rafts, activating intracellular signaling pathways involving NF-κβ-regulated translation of proteins involved in pro-inflammatory responses.


The expression of mCRP must be tightly regulated and controlled; its half-life must be short and localized. As pCRP is a substrate for the formation of mCRP, the relative level of pCRP measured in blood will depend in part on the rate at which pCRP is converted into mCRP. During the earliest minutes of tissue trauma, the conversion of pCRP into mCRP is efficient and rapid. Expressed mCRP, which has potent proinflammatory bioactivities, then upregulates and amplifies the acute phase of the inflammatory response. Over the next minutes to hours as the immediate threat to tissue homeostasis is controlled, the conversion of pCRP to mCRP slows, leading to an increased measurement of pCRP in blood. Only the pCRP antigen is measured and interpreted as a diagnostic maker in blood. As the mCRP antigen forms and quickly sequesters into membranes and tissues involved in the inflammatory response, aqueous solubility is reduced and antigenicity is masked, making it a difficult antigen to detect in body fluids. As the pCRP isoform has weak anti-inflammatory activities while the mCRP isoform has strong pro-inflammatory activities, the level of pCRP that is soluble and easily quantified in blood reflects on the extent of a weakened inflammatory, unamplified acute phase response. As pCRP hepatic synthesis is regulated by cytokines released by damaged endothelial cells (38, 54), persistently elevated synthesis and plasma levels of CRP is more likely directly related to tissue damaging pathologies rather than the inflammation. Chronic (unamplified) inflammation could persist in such a situation, exacerbating tissue destructive processes and impairing wound healing and repair to reestablish health homeostasis.

Taken together, pCRP levels that remain elevated at and above values generally considered to be diagnostic of ongoing inflammatory responses reflect not on the presence of generalized inflammation, but rather the degree to which acute, amplified (beneficial) inflammation is stimulated. Higher pCRP levels can be an index for inefficient or inhibited processes by which pCRP converts into mCRP. If mCRP is not formed, inflammation cannot be amplified to its acute phase, resulting in a persistent chronic response and pathological complications.



KINETICS OF THE CRP RESPONSE

Plasma CRP is synthesized and released by hepatocytes in response to IL-6, IL1β, IL-17 and stress signals that accompany vascular stimulation associated with tissue damage (54, 55). Prior to receiving stress signals, hepatocytes will slowly release basal levels of CRP that were pre-synthesized and stored in intracellular vesicles. The secretory rate of CRP increases 6-fold in response to stress signals (43), which also initiates new protein synthesis. In healthy individuals, the normal synthesis rate is 1.5 μg/kg-hr.; in diseased states, its synthesis rate in reported to range from 43.3 to 103.4 μg/kg-h (i.e., a 30-70-fold increase). These values calculate such that an average person will synthesize 2.4 mg of CRP/day, increasing up to 174 mg/day in response to an exacerbating event (29). CRP's fractional catabolic rate (i.e., its rate of consumption) is reported to be independent of its plasma concentration indicating changes in CRP blood levels during an acute inflammatory response reflect on an increased synthesis rate and not on an increased rate at which it is utilized. These observations appear to confound the understanding of CRP as the prototypic acute phase reactant which would be expected to be involved with and consumed by inflammatory processes.

While synthesis and hepatic release rates of CRP in response to cytokine stimulation have been reported (29, 41, 43, 56), measured increases in CRP blood level appear to involve a lag of 6–12 h after stimulation (40, 57, 58). Its level will continue to increase between 6 and 72 h as a result of both increased synthesis and release from hepatocytes. The exact kinetics of CRP appearance in blood during the first minutes to hours of an acute phase stimulation requires additional, focused experimentation. In reflecting on published quantification kinetics and the immediate, 6-fold increase in CRP secretion rate during the first moments of a stimulating cause, and by taking into account the propensity for CRP to dissociate into an isoform with distinctive structural, solubility and antigenicity differences from that CRP molecule measured in blood (4, 17, 59–63), the apparent lag phase was interpreted to represent a physiologically relevant finding in the bioactivity of CRP. If CRP is released from hepatocytes within minutes of acute phase stimulation but is not detected in blood for hours, such data are consistent with a rapid conversion of soluble, pentameric CRP into its distinctive structural and antigenic mCRP isoform during these early moments. Indeed, at the site of tissue damage, as reactions of acute inflammation are activated, dissociation of pentameric CRP into conformationally unique mCRP would represent an important regulatory signal that functionally contributes a potent pro-inflammatory amplification signal to immediately and aggressively respond to the threat to tissue integrity. As the need to maintain acute inflammation remains, pCRP localizes and converts to mCRP to maintain and amplify the acute phase response. When amplified, acute inflammation subsides and the rate of pCRP conversion to mCRP slows, pCRP is no longer consumed, which results in increased levels appearing in blood (i.e., after a 6–12-h lag). These concepts involving kinetic changes of hepatic secretion of pCRP during early and late acute inflammation, and the hypothetical impact of the timing and rate of conversion of pCRP to mCRP are illustrated in Figure 3. This illustration depicts the potential relationship between CRP production and conversion into the mCRP isoform during the early phases of acute inflammation, while accounting for the latent increase in significantly elevated levels of pCRP in blood. Conformational activation is a basic tenet of biochemical signaling control (64, 65). Herein, we discuss CRP as a protein requiring conformational changes to elicit and control key host defense bioactivities. Furthermore, the widely held notion that CRP is the prototypic acute phase reactant needs to be refined to more specifically associate the mCRP isoform (rather than the pCRP isoform measured in blood) as the true pro-inflammatory “acute” reactant.
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FIGURE 3. Temporal depiction of the hypothesized conversion of pCRP into mCRP and the appearance of pCRP in blood after activation or an acute phase response. Schematic representation for the relative amounts of pCRP released from hepatocytes in response to cytokine signals (e.g., IL-6) and its appearance in the blood. (A) Depicts that while pCRP is hepatically secreted within minutes of acute phase response signaling (dotted red line) measured plasma levels of CRP display a lag (i.e., 6–12 h) (blue solid line). Hepatically released CRP can be from both pre-synthesized CRP stored in vesicles, or from de novo synthesis. In the first 12 h. of an inciting stimulus, the pCRP that is released from hepatocytes, but which is not quantified in blood is converted at the site of tissue damage into mCRP (gray shaded area). (B) Depicts a generalized time course for the hepatic secretion of pCRP (red dotted line), the relative amount of pCRP measured in blood (solid blue line as may occur during acute inflammation associated with major tissue damage; dotted blue line as may occur with low grade, chronic inflammation with lesser tissue damage). Plasma concentration of pCRP in healthy individuals (i.e., baseline CRP levels of < 10 μg/ml) is shown as a solid orange line. The shaded yellow area depicts a time period in which pCRP is secreted but rapidly consumed so that it is not quantified in plasma. The consumption of pCRP into mCRP would involve membrane binding to activated cells (e.g., endothelial cells, platelets, leukocytes) and entry into lipid rafts where mCRP activates signaling pathways to stimulate immediate, amplified pro-inflammatory responses to the threat.




THE PRO- OR ANTI-INFLAMMATORY ACTIVITY OF CRP IS DEFINED BY ITS CONFORMATION

Over many decades, CRP has been studied as both a contributor to and protector from the pathologies associated with disease. A definitive activity remained elusive for many years as conflicting reports described CRP as both pro- and anti-inflammatory activities, and as both pro- and anti-thrombotic [reviewed in (4)]. Because of this mechanistic uncertainty, CRP could only be described and used as a diagnostic marker of clinical situations involving some level of inflammation with no true understanding of its mechanism (s) of action. Because its blood levels increase and decrease rapidly over days it has only been of limited use in helping devise treatment strategies or in understanding disease pathologies.

The confusion concerning CRP's bioactivities only recently began to clarify when it was recognized that the serum soluble non-covalently associated pentameric CRP structure could be induced to dissociate into monomeric subunits. When separated, the biochemical energies involved in the folding and packaging of each subunit both individually and as a non-covalently associated pentameric multiyear, rapidly and irreversibly redistribute such that the subunits modify into a unique, non-proteolyzed isoform which is described as modified, monomeric CRP (i.e., mCRP). mCRP can be expressed from pCRP under physiological conditions that occur at sites of where endothelial cells are activated. At such sites, pCRP will bind as a function of calcium to its primary ligand – phosphocholine (PC), which only become more exposed when diacyl phosphatidylcholine lipids are hydrolyzed by phospholipase enzymes, producing monoacyl (Lyso) phosphatidyl choline (i.e., Lyso-PC) (2). PC bound pCRP is brought into close proximity to surface membrane charges and to apolar lipid regions which contribute the biochemical energies needed to dissociate pCRP subunits which then spontaneously rearrange to express mCRP structure and its distinctive immunological and biochemical attributes (Figure 2).

By recognizing that CRP can exist as more than a stagnant, unchanging cyclic pentameric discoid protein, but also as a dynamic structure that can be induced to undergo conformational activation, a reason for its appearance and pharmacokinetic changes in blood levels, and its bioactivity during an inflammatory acute phase response begins to unfold. The concept of conformational activation of proteins is a widely accepted for many biochemical systems including allosteric signaling (66), enzyme catalysis (67) and ion-gated channel activities (68). CRP, as a tightly packed non-covalently associated pentameric protein with identical non-glycosylated globular subunits, would be a strong candidate for such an activation mechanism as it will express five stimulatory proteins from one serum-delivered substrate that forms on activated endothelial tissues. The tight packing of pCRP involves the binding of two calcium ions per subunit (1). Calcium has direct effect on CRP packing as summarized in Figure 4, which shows how the apparent size of pCRP (i.e., its Stoke's radius) changes as a function of the amount of calcium included in CRP solutions. In 2 mM calcium chloride, a physiological concentration of calcium in blood, pCRP migrates with an apparent molecular weight of 115 kDa – in close agreement with its calculated molecular weight based on its primary protein sequence. As calcium is increased to 5 and 10 mM, however, pCRP appears as a smaller (more compacted) protein (smaller Stoke's radius). In the tightly packed configuration, pCRP has an electron microscopy average diameter of 10.42 ± 0.08 nm (69) and is resistant to proteolysis (70). When calcium is chelated using citrate or EDTA in chromatographic buffers, pCRP appears to “swell,” having an apparent molecular weight of 125–140 kD (i.e., a larger Stoke's radius). In early studies establishing isolation protocols for CRP from blood, many chromatographic steps used 0.05 M citrate buffers (71). CRP's larger apparent size led the authors to conclude that at least some CRP could exist as a hexameric protein.
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FIGURE 4. Effect of calcium on the apparent molecular weight of pentameric CRP. Sephadex 200 dextran gel filtration chromatography resin was equilibrated in 25 mM Tris-HCl, 0.15 M NaCl buffer (pH 7.4) (TBS) containing 2, 5, or 10 mM Calcium chloride (TBS-Ca), 10 mM EDTA (TBS-EDTA), or 10 mM Citrate (TBS-citrate). Purified pCRP (1 mg) was pre-equilibrated in each column buffer and was chromatographed. Control proteins including IgG (Mw 160,000), Transferrin (Mw 79,500), BSA (Mw 66,500), Chymotrypsin (Mw 24,000) and Lysozyme (Mw 14, 300) were similarly pre-equilibrated and chromatographed. The elution profile for CRP was also assessed using 5 mM CaCl2 containing 1 mM Phosphocholine hapten (PC) as a specific ligand known to bind each subunit of pCRP as a function of calcium. All standard proteins chromatographed with the same elution volume in each of the buffers studied. The correlation coefficient (R2) of the Mw Vs elution volume standard curve was 0.9766. The apparent Mw of pCRP in 2 mM CaCl2 was 115,093 (2 mM CaCl2 is a physiological concentration of calcium; this Mw agrees closely with the calculated Mw of pCRP based on its amino acid sequence). The apparent Mw of pCRP reduced to 96,828 in 5 mM CaCl2 and 86,160 in 10 mM CaCl2. When either calcium chelator was used, the apparent Mw of pCRP increased to 133, 122. When PC hapten was bound to pCRP in 5 mM CaCl2 (5 PC sites/pCRP), the pCRP did not appear to contract but assumed a Stoke's radius similar to that observed in when calcium was chelated. These data indicate pCRP will compact or expand from its calculated Mw (115,235) (https://www.ncbi.nlm.nih.gov/protein/NP_001315986.1?report=fasta&from=19, accessed on March 30th, 2020) as a function of calcium and/or or chelation, and as a function of ligand binding.


Calcium has long been known to regulate CRP binding reactivity for PC; the calcium binding sites of each CRP subunit frame its PC binding pocket (see Figure 1). These data show calcium can also affect pCRP packing and proteolytic susceptibility, and suggest CRP has a capacity to change its three-dimensional protein structural packing (i.e., its conformation). Swanson et al. (72) reported that calcium could affect CRP structure in a way to regulate binding of CRP-specific monoclonal antibodies. Furthermore, the physiological relevance of structural changes in CRP was demonstrated in electron microscopy and adsorption studies of pCRP onto Lyso-PC containing monolayers. Binding pCRP to the PC-containing lipid monolayers required calcium and led to a two-stage alteration in the pentameric CRP structure. Initially, membrane bound pCRP changed conformation into a hybrid molecule called membrane-associated-mCRP (or mCRPm). With lengthened incubation times, the second alteration occurred, completely converting the protein into its mCRP isoform (17, 73). Additional studies have reported on calcium-dependent pCRP binding to Lyso-PC activated platelets and neutrophils, producing a structurally altered CRP hybrid molecule described as pCRP* (5, 12). In each instance, potent pro-inflammatory bioactivities of CRP are expressed correlate with the structural changes of pCRP into mCRP.

The mCRP isoform has significantly different solubility and antigenicity compared to the pCRP isoform. mCRP enters and associates with membrane lipids, into cholesterol rich lipid rafts (52, 73) and is not freely soluble in aqueous phase, only being found in body fluids associated with micro-vesicles that are sloughed off activated endothelial cells as part of the activated inflammatory response (74, 75). Monoclonal antibody reagents were developed to clearly define and differentiate the pCRP antigen from the mCRP antigen (61, 62). Furthermore, by carefully identifying conditions which contribute to the conversion of pCRP into mCRP, and by using reagents that certifiably distinctive as predominantly pCRP and mCRP, key physiological distinctions between each isoform were identified.

While the pCRP antigen is mainly found in blood, it can occasionally be found weakly associated with vascular surfaces and easily eluted with washing. The mCRP antigen, in contrast, is found as a naturally occurring molecule within a wide variety of normal tissues, in particular at the intima, media and adventitia of healthy blood vessels and in fibrous tissues of the skin (76–78).

While the pCRP antigen is resistant to proteolysis, the mCRP antigen can be proteolyzed by a variety of neutrophil-derived peptidases (79–81). Peptides derived from the proteolysis of mCRP have been shown to inhibit activation of platelets and neutrophils (82), downregulating the potent pro-inflammatory activities of the intact mCRP protein. Hence, there is a direct feedback mechanism elicited by neutrophil-derived enzymatic proteolysis that can quickly reverse the pro-inflammatory bioactivity of mCRP.

For decades, CRP has been appreciated solely as a diagnostic marker for ongoing inflammation. With the now recognized appreciation that CRP is a dynamic protein that can undergo a pronounced structural and functional change, and by understanding the conditions that contribute to such change in situ, insights can now also be made into the therapeutic relevance of CRP in health and disease. Notably, pCRP will change into mCRP by interacting with activated membranes (83) using a process that involves an intermediate form of CRP described as mCRPm (17) or pCRP* (63). The intermediate structure represents initial stages of subunit dissociation in which the still pentameric protein begins expressing antigenic and functional attributes now known to be characteristic of mCRP. As the pentamer fully dissociates into its monomeric form (i.e., mCRP), it inserts into cholesterol rich membranes (lipid rafts) and supplies an activation signal for pro-inflammatory pathways associated with the acute phase inflammatory response. Activated membranes are known to slough microvesicles (aka microparticles), which have been reported to contain mCRP (63, 74, 75, 84, 85). To date, while a reliable, direct, quantitative blood-based assay for mCRP remains elusive, when developed, it will provide a new perspective on the role CRP has as a regulator of inflammation, not only as a diagnostic marker but as a therapeutic parameter in deciding disease conditions and treatment options.

By influencing or controlling the conversion of pCRP to mCRP, it may be possible to therapeutically control the rate and extent of anti- and pro-inflammatory responses. Indeed, Caprio et al. (2), have discussed using inhibitors of Phospholipase A2 (PLA2) to mitigate the production of lyso-PC which is a critical step in binding pCRP and bringing it into juxtaposition to the apolar membrane zone (83). Pepys et al. (86) designed a small molecule bi-valent compound having phosphocholine groups on opposite ends of a linking group. As PC is the primary ligand for CRP, and since the PC binding sites are all the same face of the pentameric structure (see Figure 1), this bis-PC compound would link to two pentamers face to face, essentially forming a CRP decamer. By occupying 10 PC sites, and by complexing 2 CRP pentamers, CRP would be unable to bind membrane associated PC and interact with apolar membrane regions that contribute biochemical energies needed to conformationally change pCRP into mCRP. Braig et al. (63) described how this bis-PC compound influenced CRP, pCRP* and mCRP reactivities with microvesicles. All these examples offer evidence of some strategies being studied and developed to control inflammation by controlling, not the quantity of CRP in blood, but in the way and extent that pCRP converts into mCRP.



SUMMARY AND CONCLUSION

Readers are referred to the following manuscripts that detail the expression of mCRP from pCRP and describe its potent pro-inflammatory bioactivities (4, 5, 11, 12, 63, 73, 87–91). The focus of this report is to provide a new paradigm to understanding what diagnostic CRP levels indicate and in introducing the connection between CRP and inflammation-associated tissue damage. By understanding that the pCRP protein is fundamentally a serum soluble, precursor protein with significant stored potential energies, its diagnostic utility begins to take on a new meaning. The potential energy needed to stimulate and amplify acute inflammation gets released by the spontaneous conformational change that occurs simply when the pentamer is dissociated. The mCRP isoform of CRP is, in fact, the “prototypic acute phase reactant.” Its proinflammatory activities are potent, localized and short lived. Any pCRP that is present during the earliest phases of the host defense response to tissue damage, will be readily converted to mCRP. When expression of mCRP slows or stops, or when mCRP is destroyed by proteases, acute inflammation slows down to chronic inflammation. pCRP, which is synthesized and secreted by hepatocytes is the substrate for the formation of mCRP. It will only start to accumulate in blood after the conversion to mCRP slows down (e.g., after 6–10 h. of the inciting cause). Measured elevation in blood pCRP is more diagnostic of a chronic inflammatory response, which, if prolonged or severe enough, will lead to exacerbated tissue damage caused by prolonged neutrophil stimulated, non-specific effector responses involving secretion of reactive oxygen species and hydrolytic enzymes into affected areas.
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C-reactive protein (CRP) binds to several species of bacterial pathogens including Streptococcus pneumoniae. Experiments in mice have revealed that one of the functions of CRP is to protect against pneumococcal infection by binding to pneumococci and activating the complement system. For protection, however, CRP must be injected into mice within a few hours of administering pneumococci, that is, CRP is protective against early-stage infection but not against late-stage infection. It is assumed that CRP cannot protect if pneumococci got time to recruit complement inhibitor factor H on their surface to become complement attack-resistant. Since the conformation of CRP is altered under inflammatory conditions and altered CRP binds to immobilized factor H also, we hypothesized that in order to protect against late-stage infection, CRP needed to change its structure and that was not happening in mice. Accordingly, we engineered CRP molecules (E-CRP) which bind to factor H on pneumococci but do not bind to factor H on any host cell in the blood. We found that E-CRP, in cooperation with wild-type CRP, was protective regardless of the timing of administering E-CRP into mice. We conclude that CRP acts via two different conformations to execute its anti-pneumococcal function and a model for the mechanism of action of CRP is proposed. These results suggest that pre-modified CRP, such as E-CRP, is therapeutically beneficial to decrease bacteremia in pneumococcal infection. Our findings may also have implications for infections with antibiotic-resistant pneumococcal strains and for infections with other bacterial species that use host proteins to evade complement-mediated killing.
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INTRODUCTION

C-reactive protein (CRP), whose blood level increases in inflammatory states in humans, binds to several species of bacterial pathogens, including Streptococcus pneumoniae (1–9). CRP is also a component of the acute phase response and a critical host defense molecule of the innate immune system against pneumococcal infection (10, 11). CRP binds to pneumococci by recognizing the phosphocholine (PCh) molecules present on the pneumococcal cell wall C-polysaccharide (PnC) (12). CRP is made of five identical subunits arranged as a cyclic pentamer (13). Each subunit has a PCh-binding site consisting of Phe66, Thr76 and Glu81 (13–18). Through the PCh-binding site, CRP can also interact with phosphoethanolamine (PEt) (17, 18). The binding of CRP to PCh and PEt requires two Ca2+ ions (13). Once complexed with a PCh-bearing ligand, human CRP activates the complement system in both human and murine sera (3, 19–21). The amino acid residues Tyr40 and Glu42 investigated in the current study are part of the intersubunit contact region of the CRP pentamer (13–15).

In murine models of pneumococcal infection, human CRP has been shown to be protective against lethality; however, the molecular mechanism of anti-pneumococcal action of CRP remains undefined (18, 21–31). Interestingly, CRP is protective against pneumococcal infection only when injected 6 h before to 2 h after administering pneumococci into mice, that is, CRP is protective against early-stage infection but not against late-stage infection (24). This 36-year old observation provided us with an experimental strategy to define the mechanism of anti-pneumococcal functions of CRP in mice. CRP is protective against early-stage infection because of the ability of CRP-pneumococci complexes to activate the complement system (20, 31). The reason why CRP is not protective against late-stage pneumococcal infection is not known. It is assumed that after a few hours of initial infection, pneumococci recruit the complement inhibitory protein factor H on their surface to become complement attack-resistant (32–36).

It has been shown that the pentameric conformation of CRP is altered in a variety of experimental conditions mimicking an inflammatory milieu and, in its alternate pentameric conformation, CRP binds to immobilized complement inhibitor factor H also (37–47). We hypothesize that in order to protect mice against late-stage infection, a structural change in CRP is needed, followed by the interaction between structurally altered CRP and recruited factor H on the pneumococcal surface, and that was not happening in mice. We further hypothesize that an exogenously constructed, irreversible and stable CRP mutant capable of binding to factor H should be able to protect mice against late-stage infection; such a CRP molecule when administered into mice would bind to factor H on pneumococci in vivo and mask the complement inhibitory activity of factor H (48). Wild-type (WT) CRP should then be able to protect mice against otherwise complement-resistant pneumococci by activating the complement system if a CRP molecule which can cover factor H on pneumococci is present along with WT CRP.

In this study, to test our hypotheses, we engineered CRP (E-CRP) by site-directed mutagenesis and produced two types of E-CRP: One, E42Q/F66A/T76Y/E81A, that binds to immobilized factor H but does not bind to PCh (E-CRP-1) and another, Y40F/E42Q, that binds to both immobilized factor H and to PCh (E-CRP-2). We found that both E-CRP-1 and E-CRP-2 were protective against both early-stage and late-stage infection in a murine model of pneumococcal infection. These findings indicate that CRP functions in two different structural conformations to fully protect against pneumococcal infection.



MATERIALS AND METHODS


Construction of Mutant CRP cDNAs

The template for construction of the CRP quadruple mutant E42Q/F66A/T76Y/E81A (E-CRP-1) was a cDNA for the CRP triple mutant F66A/T76Y/E81A cDNA (substitution of Phe66 with Ala, Thr76 with Tyr, and Glu81 with Ala). Mutagenic oligonucleotides, 5′-C CAC TTC TAC ACG CAA CTG TCC TCG ACC-3′ and 5′-GGT CGA GGA CAG TTG CGT GTA GAA GTG G-3′, to substitute Glu42 with Gln (codons shown in bold and italicized letters), were designed according to the sequence of the template cDNA and obtained from Integrated DNA Technologies. Mutagenesis was conducted using the QuickChange site-directed mutagenesis kit (Stratagene). Mutations were verified by nucleotide sequencing, utilizing the services of the Molecular Biology Core Facility of the university (Supplementary Figure 1). The construction of cDNAs for CRP mutants E42Q, F66A/T76Y/E81A and Y40F/E42Q (E-CRP-2) has been reported earlier (15–18).



Expression and Purification of CRP

CRP mutants were expressed in CHO cells using the ExpiCHO Expression System (Thermo Fisher Scientific) as described previously (31). Purification of E-CRP-1 from culture supernatants involved Ca2+-dependent affinity chromatography on a PEt-conjugated Sepharose column, followed by ion-exchange chromatography on a MonoQ column, and gel filtration on a Superose12 column, as reported previously for the CRP triple mutant F66A/T76Y/E81A (18). PEt-conjugated Sepharose was prepared as described previously (18). Briefly, CHO cell culture media was diluted (1:1) in 0.1 M borate buffer saline, pH 8.3, containing 3 mM CaCl2, and passed through the PEt-sepharose column. After collecting the flow-through and washing the column with the same buffer, bound E-CRP-1 was eluted with 0.1 M borate buffer saline, pH 8.3, containing 5 mM EDTA. E-CRP-1 was then subjected to ion-exchange chromatography and bound E-CRP-1 was eluted with an NaCl gradient. E-CRP-1 containing fractions were pooled, concentrated, and further purified by gel filtration. The gel filtration column was equilibrated and eluted with TBS (10 mM Tris–HCl, 150 mM NaCl, pH 7.2) containing 5 mM EDTA. Eluted E-CRP-1 was immediately dialyzed against TBS containing 2 mM CaCl2, stored at 4°C, and was used within a week. WT CRP and all other CRP mutants including E-CRP-2 were purified as described previously (49). The purity of CRP preparations was confirmed by denaturing 4–20% SDS-PAGE under reducing conditions.

For in vivo experiments, purified CRP was treated with Detoxi-Gel Endotoxin Removing Gel (Thermo Fisher Scientific) according to manufacturer’s instructions. The concentration of endotoxin in CRP preparations was determined by using the Limulus Amebocyte Lysate kit QCL-1000 (Lonza).



Determination of Pentameric Structure of CRP

The pentameric structure of E-CRP was confirmed by employing gel filtration and denaturing SDS-PAGE. The gel filtration column was equilibrated with TBS containing 5 mM EDTA. E-CRP was injected into the column and eluted with TBS containing 5 mM EDTA at a flow rate of 0.3 ml/min. Fractions (60 fractions, 250 μl each) were collected and absorbance at 280 nm measured to locate the elution volume of E-CRP. Gel filtration of WT CRP was carried out on the same column to determine the elution volume of pentameric CRP.



Pneumococci (Pn-Broth)

Streptococcus pneumoniae type 3, strain WU2, were made virulent by sequential i.v. passages in mice, and were stored in 1 ml aliquots at −80°C in Todd-Hewitt broth containing 0.5% yeast extract and 10% glycerol, as described previously (30). For each experiment, a separate 1 ml aliquot of pneumococci was thawed. Pneumococci were then grown in 50 ml Todd-Hewitt broth containing 0.5% yeast extract and incubated at 37°C with shaking at 125 rpm for 3 h (mid-log phase culture). The culture was centrifuged at 7,500 rpm for 15 min. The bacterial pellet was washed and resuspended in 10 ml normal saline and adjusted the volume until A600 was 0.29 to give a concentration of 3.5 × 108 cfu/ml (A600 = 1.00 = 1.2 × 109 cfu/ml). This preparation of pneumococci cultured in broth was called as Pn-broth. The concentration, purity, and viability of pneumococci were confirmed by plating on sheep blood agar plates.



PCh-Binding, PEt-Binding, and Pneumococcus-Binding Assays

Binding activity of CRP for PCh was evaluated by using pneumococcal C-polysaccharide (PnC, from Statens Serum Institut) as the ligand, as described previously (29). Briefly, microtiter wells were coated with PnC in 100 μl TBS, overnight at 4°C. The unreacted sites were blocked with TBS containing 0.5% gelatin for 1 h at room temperature. CRP, diluted in TBS containing 2 mM CaCl2, 0.1% gelatin and 0.02% Tween 20 (TBS-Ca), was then added in duplicate wells and incubated for 2 h at 37°C. After washing the wells with TBS-Ca, bound CRP was detected by using anti-CRP monoclonal antibody HD2.4 diluted in TBS-Ca. HRP-conjugated goat anti-mouse IgG diluted in TBS-Ca was used as the secondary antibody. Color was developed using ABTS substrate and the OD was read at 405 nm in a plate reader. Binding activity of CRP for PEt was evaluated by using biotinylated-PEt as the ligand, exactly as described previously (18).

Binding activity of CRP for whole pneumococci (broth-grown or isolated from infected mice) was evaluated as described previously (18). Briefly, microtiter wells were coated with 107 cfu of pneumococci overnight at 4°C. The unreacted sites in the wells were blocked with TBS containing 0.5% gelatin. CRP, diluted in TBS-Ca, was then added to the wells for 2 h at 37°C. After washing the wells with TBS-Ca, bound CRP was detected by using rabbit polyclonal anti-human CRP antibody. HRP-conjugated donkey anti-rabbit IgG was used as the secondary antibody. Color was developed using ABTS substrate and the OD was read at 405 nm in a plate reader. Binding activity of CRP for whole pneumococci isolated from infected mice was evaluated both in the presence and absence of Ca2+.



Isolation of Pneumococci (Pn-Mice) From Infected Mice

Mice were injected i.v. with 3.5 × 107 cfu of Pn-broth. After 40 h, blood was collected by cardiac puncture, in tubes containing 10% EDTA (1% v/v of blood). Blood was diluted with an equal volume of normal saline and centrifuged at 2,200 rpm for 2 min. The supernatant was recovered. The bacterial pellet was washed four times with normal saline, centrifuged at 2,200 rpm for 2 min after each wash, and continued to recover the supernatant. All recovered supernatants were then pooled and centrifuged at 11,000 rpm for 5 min. This time the supernatant was discarded, and the pellet was resuspended in normal saline for immediate use or resuspended in Todd-Hewitt broth containing 0.5% yeast extract and 10% glycerol for storage at −80°C. This preparation of pneumococci isolated from infected mice was called as Pn-mice. The concentration, purity, and viability of pneumococci were confirmed by plating on sheep blood agar plates.



Detection of Factor H on the Surface of Pn-Mice

Microtiter wells were coated with Pn-mice in TBS (107 cfu) overnight at 4°C. The unreacted sites in the wells were blocked with TBS containing 0.5% gelatin for 45 min at room temperature. Murine factor H present on the surface of Pn-mice was detected by using sheep polyclonal anti-mouse factor H antibody (R&D, AF4999) diluted in TBS-Ca. HRP-conjugated rabbit anti-sheep IgG (Thermo Fisher Scientific), in TBS-Ca, was used as the secondary antibody. Color was developed and the OD405 read in a microtiter plate reader.



Factor H-Binding Assay

The binding activity of CRP for factor H was evaluated by using both human factor H (Complement Technology) and murine factor H (R&D), as described previously (46). Briefly, microtiter wells were coated with 2 μg/ml of factor H in TBS, overnight at 4°C. The unreacted sites in the wells were blocked with TBS containing 0.5% gelatin for 45 min at room temperature. CRP diluted in TBS-Ca (TBS containing 2 mM CaCl2, 0.1% gelatin and 0.02% Tween 20) was added in duplicate wells. After incubating the plates for 2 h at 37°C, the wells were washed with TBS-Ca. Polyclonal rabbit anti-human CRP antibody (1 μg/ml) (EMD Millipore Corp, 235752), diluted in TBS-Ca, was used to detect bound CRP. HRP-conjugated donkey anti-rabbit IgG (GE Healthcare), diluted in TBS-Ca, was used as the secondary antibody. Color was developed and the OD405 read in a microtiter plate reader.



Clearance of E-CRP From Mouse Circulation

The clearance rate of E-CRP from the mouse blood was determined as described previously (18). Briefly, mice were injected i.v. with 100 μg of CRP in 100 μl TBS containing 2 mM CaCl2 through the tail vein. Four to five mice were used for each CRP species. After 8 h, blood was collected from the tip of the tail vein at four different time points up to 24 h. The concentration of CRP in the serum was measured by ELISA. The concentration of CRP in the serum at the first bleed was plotted as the 100% value.



Repurification of E-CRP From E-CRP-Spiked Mouse Serum

Purified E-CRP (400 μg) was added to 2 ml C57BL/6 mouse serum (Innovative Research) and the final volume was made to 10 ml by adding 0.1 M borate buffered saline, pH 8.3, containing 3 mM CaCl2. The mixture was incubated for 30 min at 37°C. E-CRP was repurified by Ca2+-dependent affinity chromatography on PEt-Sepharose beads whose capacity to bind E-CRP was >400 μg. After collecting the flow-through and washing the column with the same buffer, bound E-CRP was eluted with 0.1 M borate buffered saline, pH 8.3, containing 5 mM EDTA. To control the experiment, mouse serum alone (2 ml), without spiking with E-CRP, was used. The EDTA eluates were subjected to SDS-PAGE. The concentration of CRP in the EDTA eluates was measured by ELISA to calculate percent recovery.



Mice

Male C57BL/6J mice (Jackson Laboratories) were brought up and maintained according to protocols approved by the University Committee on Animal Care. Mice were 8–10 weeks old when used in experiments.



Mouse Protection Experiments

Separate mouse protection experiments were performed using two different preparations of purified WT CRP, E-CRP-1 and E-CRP-2. The endotoxin content in 25 μg all CRP preparations was <1.5 endotoxin units. Mice were first injected i.v. with 3.5 × 107 cfu (based on A600) of pneumococci in 100 μl normal saline. The actual number of pneumococci injected, based on the plating results obtained on the next day, was 3.53 ± 0.21 × 107 cfu. In the first set of experiments, mice were injected i.v. with either WT CRP, E-CRP-1 or E-CRP-2, 30 min after the administration of pneumococci. In the second set of experiments, mice were injected i.v. with either WT CRP, E-CRP-1, combination of WT CRP and E-CRP-1 (WT CRP first and, an hour later, E-CRP-1) or E-CRP-2, 12 h after the administration of pneumococci. In the third set of experiments, mice were injected i.v. with either WT CRP or E-CRP-1, four times (6, 12, 24 and 48 h) after the administration of pneumococci. CRP (25 μg) was injected in 100 μl TBS containing 2 mM CaCl2. The dose of 25 μg of CRP with 3.5 × 107 cfu bacteria was chosen because, under these conditions, the protection of mice with WT CRP injected 30 min apart from the administration of pneumococci was same as reported previously (30). Survival of mice was recorded three times per day for 7 days. To determine bacteremia (cfu/ml) in the surviving mice, blood was collected daily for 5 days from the tip of the tail vein, diluted in normal saline, and plated on sheep blood agar for colony counting. The bacteremia value for dead mice was recorded as 109 cfu/ml because mice died when the bacteremia exceeded 108 cfu/ml.



Statistical Analysis

All experiments were performed three times unless otherwise mentioned and comparable results were obtained each time. Results of a representative experiment are shown in the figures where the raw data (A280 or OD405) were used to plot the curves. Survival curves were generated using the GraphPad Prism 4 software. To determine p-values for the differences in the survival curves among various groups, the survival curves were compared using the software’s Logrank (Mantel-Cox) test. The scatter plots of the bacteremia data and the median bacteremia value for each group were generated using the GraphPad Prism 4 software. Bacteremia values of 0–100 were plotted as 100 and bacteremia values of >108 were plotted as 109. To determine p-values for the differences in bacteremia among various groups at each time point, scatter plots were compared using the software’s Mann-Whitney test. The software’s Mann-Whitney test included all the dots in the scatter plots and not the median values for each time point.



RESULTS


E-CRP-1 and E-CRP-2 Have the Desired Ligand-Binding Properties

The elution profiles of WT CRP, E-CRP-1 and E-CRP-2 from the gel filtration column were almost overlapping. Like WT CRP, both E-CRP-1 and E-CRP-2 eluted at 11 ml (Figure 1A). SDS-PAGE of purified proteins showed a single band and the molecular weight of the subunits of both E-CRP-1 and E-CRP-2 was same as WT CRP (Figure 1B). Thus, E-CRP-1 and E-CRP-2 were pentameric.
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FIGURE 1. E-CRP-1 and E-CRP-2 are pentameric. (A) Elution profiles of E-CRP-1 (left panel) and E-CRP-2 (right panel) from the gel filtration column. (B) SDS-PAGE of WT CRP (lanes 2, 5), E-CRP-1 (lane 3) and E-CRP-2 (lane 6). A representative of three experiments is shown for each panel.


The PCh-binding ability of E-CRP-1 and E-CRP-2 was assessed by using two different PCh-containing ligands: PnC (Figure 2A) and Pn-broth (Figure 2B). Both, WT CRP and E-CRP-2 bound to both PCh-ligands in a CRP concentration-dependent manner. The binding of E-CRP-2 to PCh-ligands was comparable to that of WT CRP. However, as shown, for equivalent binding (OD405) of WT CRP and E-CRP-1 to either PnC or Pn-broth, ∼100-times more of E-CRP-1 was required compared to WT CRP, indicating that the PCh-binding ability of E-CRP-1 was ∼99% less than that of WT CRP. Thus, E-CRP-1 and E-CRP-2 had the desired PCh-binding activity.
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FIGURE 2. Binding of CRP to PCh. (A) Binding of WT CRP, E-CRP-1 and E-CRP-2 to PnC immobilized on microtiter wells. (B) Binding of WT CRP, E-CRP-1 and E-CRP-2 to broth-cultured pneumococci (Pn-broth) immobilized on microtiter wells. (C) Binding of WT CRP and E-CRP-1 to a PEt-ligand immobilized on microtiter wells. A representative of three experiments is shown for each panel.


Since E-CRP-1 lost its PCh-binding property, the PCh-affinity chromatography method could not be used to purify E-CRP-1. Therefore, the PEt-binding activity of E-CRP-1 was tested (Figure 2C). E-CRP-1 bound to PEt more efficiently than WT CRP. The avid binding of E-CRP-1 to PEt facilitated the purification of E-CRP-1 by affinity chromatography using a PEt-Sepharose column.

In factor H-binding assays, unlike WT CRP, both E-CRP-1 and E-CRP-2 bound readily to purified human and murine factor H immobilized on microtiter wells (Figure 3A). Thus, both E-CRP-1 and E-CRP-2 had the desired factor H-binding activity. Surprisingly, triple mutant CRP, which was not investigated before for factor H binding (18), also bound to factor H (50). If it was known earlier that triple mutant CRP, without the addition of E42Q mutation, would bind to factor H, there would have been no need to generate quadruple mutant CRP. However, since the expression of quadruple mutant CRP was better than triple mutant CRP, we proceeded with quadruple mutant CRP (E-CRP-1) to test the hypothesis.
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FIGURE 3. Binding of CRP to factor H. (A) Binding of WT CRP, E-CRP-1, E-CRP-2 and other CRP mutants to purified human factor H (left panel) and murine factor H (right panel) immobilized on microtiter wells. (B) Presence of murine factor H on pneumococci isolated from the blood of infected mice (Pn-mice). (C) Binding of WT CRP, E-CRP-1 and E-CRP-2 to Pn-broth and Pn-mice in the presence and absence of Ca2+. A representative of three experiments is shown for each panel.


Next, we tested whether E-CRP-1 and E-CRP-2 bind to factor H on pneumococci which have recruited factor H on their surface. For this purpose, Pn-mice were isolated from infected mice. We first tested the presence of murine factor H on pneumococci. As shown (Figure 3B), factor H was present on Pn-mice but not on Pn-broth. Next, we determined binding of E-CRP-1 and E-CRP-2 to factor H-coated Pn-mice. As shown (Figure 3C), WT CRP bound to both Pn-broth and Pn-mice but only in the presence of Ca2+, suggesting that the binding of WT CRP to Pn-mice was through PCh. In contrast, E-CRP-1 and E-CRP-2 bound to Pn-mice in the absence of Ca2+ also, suggesting that E-CRP-1 and E-CRP-2 bound to a molecule other than PCh, and that molecule could be factor H recruited by pneumococci in vivo. However, interestingly, both E-CRP-1 and E-CRP-2 also bound to Pn-broth in EDTA, suggesting that E-CRP-1 and E-CRP-2 were capable of recognizing and binding to a pneumococcus’ own surface protein. Thus, E-CRP-1 and E-CRP-2, but not WT CRP, interacted with pneumococci in a Ca2+-independent and therefore PCh-independent manner.

Combined data indicated that both E-CRP-1 and E-CRP-2 were pentameric, their overall structure was similar to WT CRP, and both E-CRP-1 and E-CRP-2 had the desired ligand-binding properties to test our hypothesis.



Both E-CRP-1 and E-CRP-2 Are Suitable for in vivo Use

We determined the T1/2 of CRP from mouse circulation. Based on the data obtained from four to five mice (Figure 4A), the average T1/2 of WT CRP, E-CRP-1 and E-CRP-2 were 4.9, 8.0 and 7.5 h, respectively. Thus, the clearance of E-CRP-1 and E-CRP-2 was not markedly faster than that of WT CRP. In another approach to confirm that E-CRP-1 and E-CRP-2 were free in the mouse serum, we performed an experiment where E-CRP could be repurified from E-CRP-spiked mouse serum (Figure 4B). As shown (left panel), E-CRP-1 present in the mouse serum bound to PEt in a Ca2+-dependent manner and could be eluted with EDTA (lane 2). The recovery of E-CRP-1 was 96%. Besides CRP, no additional protein bands were found when compared with the non-specific bands seen with the serum alone control (compare lanes 2 and 3). Similar results were seen with E-CRP-2 (right panel). Thus, both E-CRP-1 and E-CRP-2 stayed free in the mouse serum, were not sequestered by any other serum protein, and the mutations did not confer instability to E-CRP-1 and E-CRP-2 in vivo.


[image: image]

FIGURE 4. E-CRP-1 and E-CRP-2 are suitable for in vivo use. (A) Clearance of WT CRP (left panel), E-CRP-1 (middle panel) and E-CRP-2 (right panel) from mouse circulation. (B) Repurification of E-CRP-1 and E-CRP-2 from purified E-CRP-1-spiked and E-CRP-2-spiked mouse sera, respectively. SDS-PAGE of repurified E-CRP-1 and E-CRP-2 is shown. Lane 1, purified E-CRP-1; Lane 2, EDTA eluate from the PEt-affinity chromatography column through which mouse serum containing E-CRP-1 was passed in the presence of Ca2+; Lane 3, EDTA eluate from the PEt-column through which mouse serum alone was passed. Lane 6, EDTA eluate from the PCh-affinity chromatography through which mouse serum alone was passed; Lane 7, EDTA eluate from the PCh-column through which mouse serum containing E-CRP-2 was passed in the presence of Ca2+; Lane 8, purified E-CRP-2.


To test the possibility that E-CRP-1 and E-CRP-2 may be sequestered by cells in the mouse blood, E-CRP-spiked mouse blood was centrifuged at 8000 rpm for 5 min and the serum recovered. The amount of E-CRP in the recovered serum, as determined by ELISA, was the same as the amount of E-CRP mixed with the blood. These data showed that both E-CRP-1 and E-CRP-2 were suitable for use in mouse models of infection to test the hypothesis.



Role of Endogenous Murine CRP in the Animal Model

As shown in Figure 5, mice were protected, without administering human CRP, when up to 107 cfu of pneumococci were injected into mice, suggesting that endogenous murine WT CRP was sufficient to protect mice from lethality when bacteremia was relatively lower. Endogenous murine CRP was not enough to protect mice from lethality when >107 cfu of pneumococci were injected into mice. These data also suggest that if mice are administered with, for example, 3.5 × 107 cfu bacteria in the protection experiments, endogenous murine CRP can participate in protecting mice from lethality once bacteremia is lowered to <107 cfu of pneumococci in the animal model employed in this study.
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FIGURE 5. The animal model of pneumococcal infection. Survival curves of mice infected with different doses of pneumococci. The data are combined from two separate experiments with six to eight mice for each dose of pneumococci in each experiment.




E-CRP-1 Protects Mice Against Late-Stage Infection

All the data presented in this section show the combined results of two separate protection experiments using six to eight mice in each group in each experiment. Some protection experiments shown in Figures 6–8 were performed together.
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FIGURE 6. Like WT CRP, E-CRP-1 is also protective against early-stage infection. The data are combined from two separate experiments with six to eight mice in each group in each experiment. (A) Survival curves. Pneumococci and CRP were injected 30 min apart. The p-values for the differences in the survival curves between groups A B, A C, and B C were <0.001, <0.001 and 0.43, respectively. (B) Bacteremia. Blood was collected from each surviving mouse shown in A. The median bacteremia values are plotted. For 36-116 h, the p-values for the differences between groups A B and A C were <0.001. The p-value for the difference between groups B C was >0.05 at all time points. (C) Scatter plots of the bacteremia data shown in B. The horizontal line in each group of mice represents median bacteremia.
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FIGURE 7. Unlike WT CRP, E-CRP-1 is protective against late-stage infection. The data are combined from two separate experiments with six to eight mice in each group in each experiment. (A) Survival curves. Pneumococci were injected first; CRP was injected 12 h later. The p-values for the differences in the survival curves between groups A B, A C, A D, B C, B D and C D were 0.28, <0.01, <0.001, <0.001, <0.001 and 0.31, respectively. (B) Bacteremia. Blood was collected from each surviving mouse shown in A. The median bacteremia values are plotted. The p-values for the differences between groups A B and C D were >0.05 at all time points. For 44–92 h, the p-values for the differences between groups B C and B D were <0.01. (C) Scatter plots of the bacteremia data shown in B. The horizontal line in each group of mice represents median bacteremia.
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FIGURE 8. One injection of E-CRP-1 was sufficient to protect against late-stage infection. The data are combined from two separate experiments with six to eight mice in each group in each experiment. (A) Survival curves. CRP was injected four times: 6, 12, 24 and 48 h after injecting pneumococci. The p-values for the differences in the survival curves between groups A B, A D, B C and C D were <0.001. (B) Bacteremia. Blood was collected from each surviving mouse shown in A. The median bacteremia values are plotted. The p-value for the difference between groups A C was >0.05 at all-time points. For 36–116 h, the p-value for the difference between groups B C was <0.001. For 44–116 h, the p-values for the differences between groups B D and C D were <0.05. For 44-116 h, the p-value for the difference between groups A D was <0.01. (C) Scatter plots of the bacteremia data shown in B. The horizontal line in each group of mice represents median bacteremia.


Figure 6A shows the results of experiments in which WT CRP and E-CRP-1 were injected into mice within 30 min of administering pneumococci. The median survival time (MST, the time taken for the death of 50% of mice) for mice injected with bacteria alone (group A) was 60 h. The MST for mice injected with bacteria and either WT CRP (group B) or E-CRP-1 (group C) could not be calculated because >50% of mice survived. WT CRP and E-CRP-1 were not significantly different in protecting mice from lethality. Increase in survival was due to decrease in bacteremia (Figures 6B,C). By 44 h, in group A, median bacteremia increased dramatically, and mice died once bacteremia reached 109 cfu/ml; however, in groups B and C, median bacteremia reached only ∼105 cfu/ml and then decreased dramatically afterward. There was >99% reduction in bacteremia in both WT CRP-treated and E-CRP-1-treated mice. Since E-CRP-1 does not bind to PCh, and hence cannot activate the complement system, these results indicated that the increased resistance to infection in E-CRP-1-treated mice was due to combined actions of E-CRP-1 and endogenous mouse WT CRP. Most likely, E-CRP-1 bound to a protein ligand present on the pneumococcal surface and, once bacteremia was already lower, endogenous mouse WT CRP bound to PCh to activate the complement system to reduce bacteremia further. Since the dose of injected E-CRP-1 was same as that of WT CRP, it is unlikely that the protection depended upon the residual PCh-binding activity of E-CRP-1.

Next, we injected E-CRP-1 into mice 12 h after administering pneumococci, a time point for CRP injection when WT CRP does not confer protection (Figure 7A). A gap of 12 h is clinically significant because all strategies for a sepsis drug have so far failed in human clinical trials (51, 52). We included WT CRP, 30 min regimen, in all experiments to ensure that the animal model was comparable from experiment to experiment. The MST for mice injected with either bacteria alone (group A) or with bacteria and WT CRP (group B) was 60 h. In contrast, the MST for mice injected with bacteria and E-CRP-1 (group C) was 90 h and the MST for mice injected with bacteria and both WT CRP and E-CRP-1 (group D) was 108 h. In the WT CRP-treated group, all mice died by 66 h. However, in the E-CRP-1-treated groups, it took 4 days until 60–70% mice died, and 30–40% mice survived up to 7 days. As reported previously (24, 29), WT CRP was not protective. These data again suggested that endogenous mouse WT CRP participated and that is why E-CRP-1 alone was not different from the combination of E-CRP-1 and WT CRP in protecting mice from lethality. In mice receiving E-CRP-1 (groups C and D), median bacteremia was reduced by ∼99% as early as 44 h and lower bacteremia was maintained for up to 92 h (Figures 7B,C).

Next, we injected CRP into mice four times, at 6, 12, 24 and 48 h, after administering pneumococci, to determine whether multiple injections of E-CRP-1 were better than a single injection at 12 h (Figure 8A). The MST for mice injected with either bacteria alone (group A) or with bacteria and four doses of WT CRP (group C) was 60 h. Like a single dose of WT CRP at 12 h, multiple doses of WT CRP were also not protective. In contrast, the MST for mice injected with bacteria and multiple doses of E-CRP-1 (group D) was 108 h. In E-CRP-1-treated mice, median bacteremia was reduced by ∼99% as early as 36 h and the reduction lasted for up to 72 h. There was ∼48 h gain over WT CRP for bacteremia to reach the deadly levels (Figures 8B,C).

The protective ability of E-CRP-1 when injected at 30 min, 12 h or at multiple time points were compared (Supplementary Figure 2). The injection of E-CRP-1 at 12 h was found to be as effective as it was when administered within 30 min. Based on the statistical analyses of the survival curves and of the scatter plots for bacteremia (Figures 6–8), no significant difference was found between 30 min and 12 h regimens in either the survival of or bacteremia in both groups of mice (Supplementary Figures 2A,B). Likewise, four injections of E-CRP-1 and one injection of E-CRP-1 were equally effective in reducing bacteremia; there was no significant difference in either the survival of or bacteremia in these two groups of mice (Supplementary Figures 2C,D). In this study, mice were injected with E-CRP-1 four times within 48 h of administering pneumococci. It is possible that a different regimen for four injections of E-CRP-1 that improves its availability over the course of the infection, such as four injections spread over 4 days, would have shown results different from that used in this study and, therefore, be more protective than a single injection of E-CRP-1. Overall, the data indicate that E-CRP-1, unlike WT CRP, is protective against infection regardless of the time point of injecting E-CRP-1.



E-CRP-2 Also Protects Mice Against Late-Stage Infection

The results of protection experiments with E-CRP-2 are shown in Figure 9. The MST for mice injected with bacteria alone (group A) was 54 h. The MST for mice injected with E-CRP-2, 12 h after administering pneumococci (group C), was extended to 132 h. The MST for mice injected with E-CRP-2, 30 min after administering pneumococci (group B), could not be calculated because >50% of mice survived, as expected (Figure 9A). There was >99% reduction in bacteremia even when E-CRP-2 was given to mice 12 h after administering pneumococci and the lower bacteremia stayed as such for >96 h (Figures 9B,C). Since E-CRP-2 binds to PCh, like WT CRP does, we do not know the involvement of mouse endogenous WT CRP in this case.
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FIGURE 9. Like E-CRP-1, E-CRP-2 is also protective against late-stage infection. The data are combined from two separate experiments with six to eight mice in each group in each experiment. (A) Survival curves. CRP was injected first; pneumococci were injected either 30 min or 12 h later. The p-values for the differences in the survival curves between groups A C and A B were <0.001 and between groups B C was 0.01. (B) Bacteremia in each surviving mouse shown in A. The median values of bacteremia are plotted. For 36–116 h, the p-values for the differences between groups A B and A C were <0.001. The p-values for the differences between groups B C was >0.05 till 60 h and <0.05 after 60 h. (C) Scatter plots of the bacteremia data shown in B. The horizontal line in each group of mice represents median bacteremia.




DISCUSSION

In this study, two CRP mutants, E-CRP-1 and E-CRP-2, were employed to investigate the mechanisms of anti-pneumococcal function of CRP in a mouse model of pneumococcal infection. E-CRP-1 binds to factor H but does not bind to PCh and E-CRP-2 binds to both factor H and PCh. Our major findings were: 1. CRP with mutations in either the intersubunit contact region or in the overlapping PCh-binding and Ca2+-binding sites binds to immobilized factor H. 2. Unlike WT CRP, both E-CRP-1 and E-CRP-2 were protective against late-stage infection. 3. Injecting WT CRP along with E-CRP-1 into mice did not enhance the protective ability of E-CRP-1. 4. Multiple injections of E-CRP-1 were not different from a single injection in protecting mice against infection. 5. Unlike WT CRP, both E-CRP-1 and E-CRP-2 bound to broth-grown pneumococci in the absence of Ca2+. Overall, these findings indicate that a conformationally altered form of CRP capable of binding to factor H is necessary for protection against late-stage pneumococcal infection.

We previously reported a triple mutant of CRP, F66A/T76Y/E81A, which does not bind to PCh and a single mutant of CRP, E42Q, which binds to factor H (18, 46). A quadruple mutant of CRP (E-CRP-1), E42Q/F66A/T76Y/E81A, was constructed in which the F66A/T76Y/E81A mutations were introduced to abolish the PCh-binding and the E42Q mutation was added to confer the factor H-binding ability to mutated CRP. The ability to bind to PCh was abolished so that the observed effects could be attributed solely to the factor H-binding ability of E-CRP-1. While screening a library of CRP mutants for binding to factor H, we found that Y40F/E42Q CRP (E-CRP-2) bound to factor H more avidly than E42Q CRP did. That is why, E-CRP-2 was employed in this study, instead of E42Q CRP, as the molecule which binds to both PCh and factor H. The mechanism of interaction between various CRP mutants and immobilized factor H is currently being investigated in a separate project.

The data indicate that endogenous murine WT CRP also participated, along with E-CRP-1, in protecting mice against infection in our animal model. Both E-CRP-1 (cannot bind to PCh and hence unable to activate the complement system) and E-CRP-2 (can bind to PCh and hence able to activate the complement system) protected mice against late-stage infection. Since complement activation by CRP-complexes is necessary for protection (31), endogenous murine CRP must have participated along with E-CRP-1 in protecting mice against infection. Involvement of endogenous murine CRP in protection is also supported by the finding that the addition of human WT CRP to E-CRP-1 did not change the protective ability of E-CRP-1. The finding that the outcome of multiple injections of E-CRP-1 within 48 h of administering pneumococci was not different from a single injection at 12 h suggested that the effects of E-CRP-1 lasted for at least 48 h. Overall, the data indicate that CRP functions in two different conformations: in the WT conformation to bind to PCh and activate the complement system and in the altered conformation to bind to factor H to remove the inhibitory effect of factor H on complement activation. Experiments employing CRP-deficient mice are in progress to confirm the participation of endogenous murine CRP in E-CRP-1-mediated protection against late-stage infection.

As expected, E-CRP-1 acquired the ability of E42Q CRP to bind to factor H. Unexpectedly, CRP triple mutant, F66A/T76Y/E81A, which was not investigated before for factor H-binding (18), also bound to factor H, without the E42Q mutation (50). These results were not available till we generated and tested E-CRP-1 for binding to factor H. Since the expression of E-CRP-1 cDNA was higher than the expression of the triple mutant cDNA, we used E-CRP-1 in this study. Previously, we reported that CRP triple mutant, which does not bind to PCh, protected mice against infection and we interepreted the data to suggest that CRP protects mice against pneumococcal infection without binding to pneumococci. Recent findings that triple mutant CRP can also bind to factor H (50) and that complement activation is critical for protection (31) indicate that in previously published experiments employing CRP triple mutant (18, 30), endogenous murine CRP had also participated, along with triple mutant CRP, in protecting mice against infection.

A model for the mechanism of action of E-CRP-1 and E-CRP-2 in protecting mice against infection is proposed (Figure 10). During early-stage infection, at a time when pneumococci have not recruited factor H yet on their surface to become complement-resistant, WT CRP is sufficient to decrease bacteremia. WT CRP (human or murine or both) would bind to PCh on pneumococci, activate the complement system, and reduce bacteremia. During late-stage infection, pneumococci recruit factor H and become resistant to WT CRP-activated complement-mediated killing. E-CRP-1 or E-CRP-2 would then bind to factor H on pneumococci, enabling complement activation by WT CRP/E-CRP-2-PCh complexes to proceed, resulting in the decrease in bacteremia. Thus, during late-stage infection, two different structural conformations of CRP are required for protection.
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FIGURE 10. A proposed model for the mechanism of action of CRP in pneumococcal infection. moCRP, endogenous mouse WT CRP; hCRP, exogenously administered human WT CRP.


Based on the model for E-CRP-1 and E-CRP-2, we propose a possible mechanism of action of endogenous CRP in humans in pneumococcal infection. Pneumococci are usually harbored in the nasopharynx but can spread to lungs and bloodstream. From the blood, after evading the attack by the complement system, pneumococci can spread to multiple other organs causing septicemia (53–55). Pneumococci release toxic substances including H2O2, creating a localized inflammatory environment (56, 57). H2O2 has been found to modify the pentameric conformation of CRP, and H2O2-treated CRP binds to factor H (47). The presence of conformationally altered pentameric CRP has been shown to be one of the features of inflamed sites (40, 42, 58). The binding of conformationally altered CRP to factor H on complement-resistant pneumococci would result in converting pneumococci back to being complement-sensitive. WT CRP can then bind to PCh on pneumococci and activate the complement system to attack pneumococci. In this regard, CRP is similar to serum amyloid A (SAA) which is another acute phase protein in humans (59). SAA has recently been shown to exhibit pH-dependent antibacterial action against Staphylococcus aureus. Both CRP and SAA are produced not only by hepatocytes but also by a variety of cells in extrahepatic tissues (59–63). The expression of SAA is increased in abscesses of S. aureus cutaneous infected mice, and SAA then binds to bacterial cell surface and disrupts the cell membrane in acidic conditions (59). Similarly, it is possible that extrahepatically synthesized CRP may be responsible for the availability of conformationally altered CRP generated at sites of inflammation.

The finding that E-CRP-1 and E-CRP-2 bound to broth-grown pneumococci in the absence of Ca2+ suggests the involvement of a pneumococcal surface protein in the interaction between E-CRP-1/E-CRP-2 and pneumococci. Thus, the binding of E-CRP-1/E-CRP-2 to factor H may not be the only mechanism for protection against infection; as E-CRP-1/E-CRP-2 can interact directly with the surface virulence factors to eliminate their virulence. Since E-CRP-1 and E-CRP-2 bind to a variety of proteins immobilized on microtiter wells (data not shown), and not just to factor H, and because pneumococci also recruit other serum proteins to their surface, such as complement C1q, ficolins and complement inhibitor C4BP, our findings may be applicable to infections with a wide range of pneumococcal strains (64–71). The advantage of our strategy is that it is dependent on the recruited proteins and not on the serotype of pneumococci. We speculate that E-CRP could be therapeutically beneficial for infections with antibiotic-resistant pneumococcal strains, such as, strain 106 resistant to clindamycin, strain 109 resistant to clarithromycin, strain 999 resistant to penicillin, and others (72, 73). E-CRP could also be protective against infections with other bacterial species that use factor H to evade complement-mediated killing. For example, Bordetella pertussis, Borrelia burgdorferi, Borrelia hermsii, Haemophilus influenzae, Neisseria gonorrhoeae, Neisseria meningitis, Pseudomonas aeruginosa, and Streptococcus suis, are all known to recruit factor H (74–79). It is possible that CRP plays a general antibacterial role, as exemplified in studies that show CRP protecting mice against infection with Salmonella typhimurium also (80).

We conclude that CRP functions in two different structural conformations. Our data provide a proof of concept that the structure of CRP is subtly modified in vivo to execute full anti-pneumococcal activities. We hypothesize that in individuals in whom the conformation of CRP remains unchanged, perhaps due to inappropriate inflammatory conditions around CRP, CRP is not fully functional during infection. If this hypothesis is correct, then our findings provide a new strategy to treat pneumococcal infection by injecting exogenously prepared pre-modified CRP, such as E-CRP-1 and E-CRP-2. Pre-modified CRP could also be therapeutically beneficial for infections with antibiotic-resistant pneumococcal strains and for infections with other bacterial species that use host proteins to evade complement-mediated killing.
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Cancer disease describes any pathology involving uncontrolled cell growth. As cells duplicate, they can remain localized in defined tissues, forming tumor masses and altering their microenvironmental niche, or they can disseminate throughout the body in a metastatic process affecting multiple tissues and organs. As tumors grow and metastasize, they affect normal tissue integrity and homeostasis which signals the body to trigger the acute phase inflammatory response. C-reactive protein (CRP) is a predominant protein of the acute phase response; its blood levels have long been used as a minimally invasive index of any ongoing inflammatory response, including that occurring in cancer. Its diagnostic significance in assessing disease progression or remission, however, remains undefined. By considering the recent understanding that CRP exists in multiple isoforms with distinct biological activities, a unified model is advanced that describes the relevance of CRP as a mediator of host defense responses in cancer. CRP in its monomeric, modified isoform (mCRP) modulates inflammatory responses by inserting into activated cell membranes and stimulating platelet and leukocyte responses associated with acute phase responses to tumor growth. It also binds components of the extracellular matrix in involved tissues. Conversely, CRP in its pentameric isoform (pCRP), which is the form quantified in diagnostic measurements of CRP, is notably less bioactive with weak anti-inflammatory bioactivity. Its accumulation in blood is associated with a continuous, low-level inflammatory response and is indicative of unresolved and advancing disease, as occurs in cancer. Herein, a novel interpretation of the diagnostic utility of CRP is presented accounting for the unique properties of the CRP isoforms in the context of the developing pro-metastatic tumor microenvironment.
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Introduction

Cancer is a pervasive disease affecting many people across the globe. Worldwide, the prevalence of people living within 5 years of receiving a cancer diagnosis is estimated to be 43.8 million. In 2018, 18.1 million new cancer cases were diagnosed worldwide, and 9.6 million deaths were reported. The most reported new cases involve the lung and breast, with colorectal cancer third, prostate cancer fourth, and stomach cancer fifth (1, 2). Each reported cancer is associated with variable overall life expectancies, years of life lost, and 5-year survival rate (3–6).

The term cancer describes a physiological condition in which body cells grow and replicate in an uncontrolled and unregulated fashion. While cancer is often categorized by the tissue in which the predominant uncontrolled growth originates, the disease is fundamentally defined by a loss of basic cellular processes that regulate proliferation. When cells proliferate, their mass and the mass of ancillary tissues in which the growth occurs increases, leading to localized areas of disrupted tissues which can overwhelm the natural protective immune responses that are designed to identify and destroy aberrantly growing cells, and to repair damaged tissues. Hence, in evaluating cancerous disease, consideration must be given not only aberrant cells, but the tissues, vasculature, and immune responses in which the malignant growth occurs. If cancerous growth is relatively slow and localized, treatment options include surgical resection and radiotherapy. If cancerous growths become unregulated and rapid, involved tissues are compromised and weakened, and tumor cells can break free to metastasize to other tissues. Treatments options for disseminated cancers become limited and prognosis for long term survival decreases. Strategies for treating cancers must therefore include an assessment of how tissue structures involved in cancerous growths may be compromised and how natural barriers might be strengthened to counteract the growth of tumor masses and to better coordinate the immune responses against tumor development.

Both innate and adaptive immune responses exist to recognize and remove diseased cells, primarily involving innate system humoral factors and natural killer cells. Innate responses involve neutrophils, M1 macrophages, natural killer cells, interferons, cytokines, and the acute phase response (7). Adaptive responses involve antibodies developed to specifically recognize malignant cells, and direct cytotoxic T-lymphocytes to specifically recognize intracellular abnormalities associated with uncontrolled cellular duplication that often display tumor specific antigens, leading to cell-mediated tumor cell apoptosis (8). However, a number of cancers present with “cold” tumors, showing limited or no infiltration of activated T cells within the tumor compartment (9). Many cancers are known to produce suppression factors that target effective immune system surveillance, thus giving cancer cells an advantage in the balance between continued proliferation and leukocyte-mediated apoptosis. The exciting development of biotherapeutic reagents known as checkpoint inhibitors, which function by neutralizing the immunosuppressive factors [i.e. by directly binding to Program Death Ligand-1 (PDL-1) or its receptor (PD-1)], shifts the balance back to natural immune function, slowing or stopping tumor cell growth in treated individuals (10). This is likely due to the prevention of PD-1-dependent T cell exhaustion; therefore, blockade increases the presence of cytotoxic T cells in the microenvironment capable of tumor cell lysis through perforin and granenzyme secretions (11). While promoting the cytotoxic capacity of the local immune response can slow or prevent tumor growth in some cases (12), it is notable that certain distributions of leukocytes can also favor a state of chronic inflammation that conversely would promote genomic instability, survival, and proliferation of tumor cells that can confer tumor development and progression [reviewed in (13)]. Thus, the dualistic nature of the immune system in cancer suggests that tight regulation of immune and inflammatory responses is necessary to prevent tumor growth and metastasis.

This report focuses on innate immunity and the acute phase response (APR) to cancerous growth. More specifically, it provides a new perspective on the diagnostic and therapeutic value of the prototypic acute phase reactant, C-reactive protein (CRP), and cancer. The concepts presented herein represent a unifying understanding of the value of CRP as a key protein of the natural inflammatory response and how both beneficial and pathological inflammation contribute to cancerous disease as well as the pathologies that involve any tissue damaged by trauma or disease.



Use of CRP as a Diagnostic Marker in Cancer

The US Food and Drug Administration (FDA) guidance for assessing the relevance of CRP as a diagnostic marker in any disease involving a host defense inflammatory response, describes CRP as a single protein that can be reliably measured from blood using various qualitative, semi-quantitative and quantitative measurements (14). Two concentration thresholds were established: 1.) conventional CRP levels (defined as CRP levels ≥ 10 µg/ml), and 2.) high sensitivity CRP levels (i.e. hsCRP; defined as CRP levels < 10 µg/ml). FDA guidance does not associate either CRP or hsCRP levels with specific diseases or risks for disease, cautioning that any interpretation of CRP levels must include the context of a specific clinical evaluation. However, high levels of CRP were found to be strongly associated with advanced disease severity in numerous cancer types (elaborated below). Hence, CRP measurements have potential utility as a diagnostic tool in assessing disease status and progression, including in cancer.

A comprehensive review of the literature on the diagnostic significance and therapeutic value of CRP blood levels in cancer proved to be problematic. Reported CRP levels varied from <1 μg/ml to more than 175 μg/ml [(15); see Table 1 and Figure 1] and were most often reported with reference to the tissues affected with cancerous growths (e.g. lung, breast, gastrointestinal, esophageal, head and neck, sexual and reproductive organs, renal, pancreas, and blood). One complication to interpreting the value of CRP measurements in any such disease condition is that its relative blood level can change rapidly and in direct relationship to the stage and extent of progressive disease and/or associated complication (e.g. infections) that may accompany the disease progression. Another limitation is that many of these studies did not fully characterize the relationship between CRP and the discrete variables that define cancer staging (e.g., tumor size in TNM staging of breast cancer, etc.); however, the associations drawn between CRP with prognosis and disease severity are consistent among cancers and indicate the potential utility of CRP as a prognostic index. Reports of CRP level in relationship to blood albumin level (i.e. the CRP/albumin ratio) as a novel prognostic index for survival for cervical cancer have appeared (64). In addition, the prognostic value of CRP in relationship to the neutrophil/lymphocyte ratio has also been proposed. Since CRP levels change rapidly during disease, some studies describe a “maximal CRP level” as a relevant diagnostic index. However, such values must be evaluated with reference to how prolonged cancer disease extends, the treatments used during disease, and the levels measured both before and after any surgical intervention. Nonetheless, these maximal CRP values have been discussed as one criterion for assessing the extent of disease and the prognosis for recovery (27, 102).


Table 1 | Overview of CRP values reported in various cancers distinguishing Conventional CRP levels (≥ 10 μg/ml) from High Sensitivity (hsCRP) levels (< 10 μg/ml).







Figure 1 | Graphic representation of data summarized in Table 1. The CRP values were extracted from published references as detailed in Table 1. In this presentation, data were tabulated in Microsoft Excel based on cancer type, then the Excel functions were used in calculations: Minimum describes the lowest reported level; Maximum describes the highest reported level; and Mean describes the average of the reported values. One limitation of the reported data summarized here is the lack of specific clinical conditions ongoing when (or how frequent) CRP values were collected and measured.



Another complicating factor in interpreting the diagnostic and therapeutic value of CRP in cancer disease is the current focus on the value and significance of “high sensitivity CRP” levels (i.e. hsCRP). Baseline levels of CRP in purportedly healthy individuals are generally described as being <1–2 μg/ml. Some studies reviewed and included in reports summarized in Table 1 describe and differently interpret cohort groups with hsCRP levels between 1–3 and >3 μg/ml. While FDA offers no guidance on the diagnostic significance of such values in any disease, including cancer, it is important to note that numerous reports have appeared that associate baseline hsCRP levels more generally with populations of individuals grouped by gender, age, ethnicity, degree of fitness, and obesity. Indeed, with sensitive assays for CRP measurement now readily available, including point-of-care measurements where CRP values can be generated from a finger stick drop of blood in minutes, thousands of reports have appeared reporting that slightly elevated hsCRP levels are reflective of increased risk for developing and exacerbating cancerous growth (see Table 1 for a list of references that discuss hsCRP in the defined cancers).

Table 1 offers one literature overview summarizing reported CRP blood levels as a function of cancer type, conventional CRP levels reported (i.e. CRP levels ≥ 10 μg/ml), high sensitivity CRP levels reported [hsCRP levels reported (< 10 μg/ml)] and stage of cancer disease and/or complications. A graphic presentation of reported CRP maximum, minimum and mean (average) values as a function of cancer type is presented in Figure 1. A simplified interpretation of all the data included in Table 1 is presented in Table 2.


Table 2 | Most consistent interpretations of the diagnostic significance of CRP in cancer.





CRP—A Marker of Tissue Damage First and Inflammation Second

Systemic CRP exists as a pentameric structure (pCRP) made up of five subunits, each containing calcium dependent bindings sites that interact with exposed phosphocholine ligand (PC) which can be expressed on activated plasma membrane (103). Exposure of PC groups requires phospholipid remodeling such as occurs with Phospholipase A2 activity or oxidation of acyl chains (104). When pCRP binds to membrane anchored PC, juxtaposed apolar bonding energies contribute to the dissociation of the pentameric isoform into the modified, monomeric isoform (i.e. mCRP) which undergoes structural rearrangement to express a cholesterol binding site as is found in lipid rafts (Figure 2) (107, 110).




Figure 2 | Structural features of serum-soluble pentameric CRP. (A) illustrates the location and orientation peptide sequences in CRP reported to have cell-binding activity (shown in yellow and involving 27TKPLKAFTVCLH38) (105), anti-cancer activity (shown in blue and involving 176LGGPFSPNVL185) (106), cholesterol binding activity (shown in red and involving 35VCLHFYTELSSTR47), and which also controls CRP binding to apolipoprotein B, C1q, fibronectin, and collagen (107), in relationship to the phosphocholine (PC) binding face (PC groups shown in gray and involving residues L64, F66, and T76) and bound calcium ions (two per subunit, juxtaposed to each PC binding sites and involves residue E147) (PDB code: 1B09; PC and calcium residues as defined by Thompson et al. (108) and Shrive et al. (109), respectively). (B) illustrates the orientation of these same residues when the discoid protein is laid flat (i.e. side view). (C) shows the orientation of same sequences on the isolated pCRP subunit (note: the exact orientation of these residues on the conformationally changed mCRP subunit has not been determined). The PC ligand binds in a shallow binding pocket controlled by calcium ions, with all PC sites on one face of the flattened discoid structure. The cholesterol binding sequences are near the PC binding sites so that when pCRP binds membrane associated PC, the cholesterol binding sequence is brought into proximity with intra-membraneous cholesterol (in lipid rafts) contributing to the conversion of pCRP into mCRP. The cell binding and anti-cancer peptides are oriented on the opposite face of the discoid protein where they can interact with effector leukocytes and activated inflammatory responses.



Since the appearance and concentration of pCRP in blood is not specific for cancer types, tissue locations, or stages of disease, and since its appearance correlates with an ongoing inflammatory response, what is the common denominator that triggers this protein to appear? One reflective focus involves evaluating how CRP may affect the fibrinolytic-like responses that are recognized as hallmarks of cancer growth. Indeed, cancer has been described as “a wound that never heals” (111, 112); any discussion of cancer growth and regulation must, therefore, include an understanding of the structure and function of the extracellular matrix and connective tissues within which the cancers are found. As tumors grow, endothelial cells become activated to allow platelets, neutrophils, and blood proteins (e.g. CRP) to enter tissues as part of normal protective inflammatory response. The goal of this early response is to help control the extent of disease growth and return the tissues to healthy homeostasis. Possible pathways by which CRP may participate in this host defense response include its binding reactivity with 1.) PC ligands which become accessible on stimulated endothelial cell membranes (113, 114), 2.) fibronectin (115–117), 3.) laminin (118), and 4.) collagen (107). CRP is also known to activate and regulate complement activity and bind immune complexes (119). Many reports also detail the interactions of CRP with endothelial cells (119), platelets (120), neutrophils (121), monocytes/macrophages (117, 122), epithelial cells (123), and fibroblasts (124).

For many decades, the exact role for CRP in the host defense APR remained undefined and controversial as different groups studying similar systems came to opposite conclusions. More recently, as CRP has been shown to exist in more than just a serum soluble cyclic pentamer disc configuration, it is now apparent that the effects of CRP on cell behavior and the tissue microenvironment are clearly dependent on its structural conformation. The highly soluble circulating pentameric CRP (pCRP) binds to PC on the cell surface (e.g., endothelial cells activated by inflammatory signals), which initiates the dissociation of pCRP into its distinct modified, monomeric isoform (mCRP) which has notably reduced aqueous solubility. mCRP will self-aggregate and deposit in tissues or will internalize into plasma membranes and bind cholesterol. Cells activated by mCRP are known to stimulate intracellular signaling pathways, including activating the NFκB transcription factor which propagates intracellular effects known as hallmarks of inflammation (125). Careful comparison studies have now established that mCRP (rather than pCRP) can interact with integral extracellular matrix (ECM) proteins (e.g., fibronectin, collagen) (98). With the awareness and understanding of both the pCRP and mCRP isoforms (including an understanding of how mCRP can be derived from pCRP), and the different roles each has on both cellular and tissue based components involved in acute inflammatory responses occurring in cancer, a consistent role for CRP as a diagnostic marker becomes apparent. A summary of the interactions of CRP with cell types and components of the extracellular environment is summarized in Figure 3.




Figure 3 | Schematic representation of the predominant interactions of pCRP and mCRP isoforms. Pentameric CRP (pCRP) released from hepatocytes due to inflammation circulates through the systemic vasculature and serves as the pool of quantifiable CRP that is used in diagnostic testing. pCRP, however, once dissociated to monomeric CRP (mCRP) at lipid rafts of cells involved in inflammatory responses instead is highly biologically active. mCRP in turn interacts with a number of different cell types at the sites of inflammation, including endothelial cells, epithelial cells, fibroblasts and immune cells (platelets, neutrophils, macrophages) as well as components of the extracellular matrix (ECM) such as fibronectin, laminin and collagen.



The mCRP isoform can be formed from the pCRP isoform when membranes are activated and cellular responses are stimulated as occurs when tissue are damaged by any means (e.g. trauma, disease, cancerous growth). Once mCRP is formed, it will not reform pCRP; mCRP is readily degraded by proteolytic enzymes and peptides formed by its degradation feedback inhibit many of the acute phase responses stimulated by intact mCRP (126–129). In the earliest minutes of the APR, the rate of conversion of pCRP to mCRP is rapid. Over time, however (hours to days) the rate of conversion of pCRP to mCRP diminishes over time, resulting in quantifiable increases of pCRP in blood [recently reviewed in (130)]. If any injury persists and inflammatory mediators (such as IL-6 and IL-1β) that signal hepatocytes to continue to synthesize acute phase proteins, quantifiable increases in plasma levels of pCRP will result. Increased levels of pCRP, therefore, suggest less pCRP is converted into mCRP. Since mCRP is a potent amplifier of the acute inflammatory response (110, 120, 131–133), any condition that limits its expression will cause a reduction in natural host defense responses. In the case of advancing tumor growth, this would lead to chronic inflammatory signaling that potentiates the “wound that never heals”. As affected tissues are still producing signals that direct the synthesis and release of pCRP, higher blood levels of pCRP are reflective of the persistence and severity of tissue damage associated with cancer growth and progression.

In line with this, CRP levels in blood do indeed correlate with the degree of inflammatory tissue involvement. In soft tissue sarcomas, CRP levels were associated with the degree of tumor infiltration determined by magnetic resonance imaging (MRI) as well as disease-specific survival (99). Similarly, tissue pathologies associated with COVID-19 disease complications identified by computerized tomography (CT) technology were also significantly associated with CRP levels and, importantly, CRP had high sensitivity and specificity to predict severity of the disease (134).

Using this tissue-based perspective as a common denominator, readers are encouraged to interpret CRP diagnostic levels in any clinical situation by first focusing on alterations in tissue structures and second by assessing how it affects or regulates the inflammation that ensues. A brief overview of the extracellular matrix structures and ways that CRP may interact with such structures during inflammatory responses to cancer disease is included below.



The Extracellular Tissue Microenvironment, Acute Phase Response, and Inflammation

In all animals, including humans, the first line of defense against disease is the structural connective tissue that not only presents a barrier to pathogens and toxins, but also contributes an appropriate macromolecular matrix for coordinated biochemical and immunological host defense reactions. Connective tissues include fibrous proteins, various cells, amorphous ground substance (e.g. proteoglycans and glycosaminoglycans), plasma constituents, ions, and water. Connective tissue can be loose or dense, regular or irregular, fibrous or elastic depending on the types of proteins and polysaccharides that are secreted locally or accumulate in the specific space filled by the connective tissue. The organization and interactions of the components, not only within the framework space but also at boundaries and surfaces, define the physical properties and function of each connective tissue. In tissues as wide ranging as skin and bone, connective tissues form an architectural framework (i.e. the extracellular matrix or ECM) that serves not only as an inert space-filling scaffold, but as a physical structure that plays a dynamic role in organizing and regulating the physiological responses that occur within each tissue. While providing mechanical structure through the deposition of numerous molecules (e.g., collagens, laminins), the ECM also acts as an intermediary space in which growth factors, cytokines, metabolites, and other secreted factors can communicate between cells within tissue compartments (135–137).

When connective tissue is injured either by incision, accident, xenobiotic stress or disease, the APR is activated to stimulate innate host defenses to the injury and the wound healing process so to efficiently and effectively repair the injured tissue (138). These processes must work in concert with hematological and immunological mechanisms that are triggered to defend the body from anything that might threaten the homeostasis affecting not only localized tissues, but of the entire organism as well. The APR reaction involves the initial production of signals locally (e.g., IL-6, IL-1β) at the site of injury, which, once secreted into the extracellular milieu, can have extensive physiological effects on cells within the local tissue or act systemically to promote production of acute phase proteins, such as hepatic CRP (138). This frequent early event during wound repair is characterized by such inflammatory responses that in turn facilitate the rapid recruitment and activation of immune cells, such as neutrophils and other leukocytes. Neutrophils migrate into the wound and scavenge for debris and foreign matter that must be removed. In uncomplicated repair, the movement of neutrophils into a wound is transient and resolved prior to the in-growth of vascular tissue (i.e. granulation tissue). If foreign materials are present, the neutrophil response may persist and thus complicate the wound healing process by having the conflicting processes of removal (scavenging) and repair occurring simultaneously. In such an event, the wound healing process is compromised and can lead to a greater amount of scar tissue and regenerated tissue that has only a percentage of the original tissue’s functional activity (139, 140).

Depending on the extent of separation of the edges of the wound, healing can begin from the sides inward, or from the base upward. During the first few days of wound repair, epithelial cells and fibroblasts migrate across the wound surface into the regenerating tissue where they proliferate and differentiate. Such cells are specialized for the synthesis and secretion of the ECM substances and are fundamental to the architectural repair of the tissue framework. Fibroblasts are known to be very versatile cells that can reversibly transform into highly differentiated cells required for the connective tissue within which they are found. Differentiated cells secrete the types of collagen and ground substances needed for the repair and regeneration of that tissue.



Inflammation Can Induce Cancerous Growth

Physiological inflammation that occurs during wound healing involves many of the processes associated with de novo tumor development as well as mechanisms that endow cancers to metastasize (141–143). The exact directionality of whether inflammation causes carcinogenic processes, or that tumor cells induce local inflammatory responses to facilitate their rapid growth and dissemination is unclear. Indeed, it is likely that there are reciprocal interactions between the host and tumor mediated through inflammatory processes that promote tumor initiation and progression. Overall, the current literature suggests that a lack of resolution to inflammation leads to chronic inflammatory signaling that is intimately linked to promoting the development and progression of cancer.

Tissues involved with cancerous growth have long been known to involve inflammation (111, 141). Mechanistic studies have demonstrated that components of inflammation, such as reactive oxygen species (ROS) and growth factors, can promote both the initiation of neoplastic cells and their proliferation (142, 144). While ROS and proteolytic enzymes produced by neutrophils and macrophages are key contributors to a favorable immune response to the stressed tissue, both superoxide anion and hydrogen peroxide have been shown to induce DNA damage that can contribute to mutagenesis, potentially giving rise to neoplastic cells (145). Unresolved (chronic) inflammation, therefore, would not only prolong immune infiltration at the site of injury, but could promote secondary genetic mutations that could exacerbate malignant conversion of otherwise benign neoplastic cells.

Chronic inflammation could also contribute to pro-tumorigenic processes by increased secretions of growth factors (e.g., PDGF, TGFβ) that promote rapid cell proliferation, as well as cytokines that stimulate cell motility (146). Such inflammatory signals have been observed to induce tumor cell epithelial-to-mesenchymal transition (EMT), a process in which epithelial cancer cells dedifferentiate and adopt a fibroblast-like phenotype to promote rapid growth and enhance pro-metastatic signaling (147, 148), in multiple cancer types. Importantly, this mesenchymal phenotype promotes the production of metalloproteinases to breakdown collagen IV and other ECM proteins to facilitate tumor cell invasion through basement membrane (149) and trans-endothelial migration as cancer cells disseminate into tissues (150, 151). EMT is also known to be associated with upregulated secretion of cytokines and chemokines that allow cancer cells to reprogram surrounding stromal cells to provide a conducive environment for growth and metastasis (152). These data suggest that continuous (chronic) inflammatory responses in any tissue could promote the development of de novo malignancies and enhancement of the capacity for tumor cells to metastasize (153). Moreover, inflammatory signaling from the developing tumor could also act systemically to promote acute phase protein production (e.g., hepatic CRP) and provide a positive feedback loop to potentiate this pro-metastatic inflammatory environment (Figure 4).




Figure 4 | Inflammatory responses of CRP in the extracellular matrix and tumor microenvironment. 1) Platelet recruitment to damaged tissue and fibrin accumulation represent acute phase inflammatory responses that, if injury remains unresolved, will contribute to excessive chronic immunoreactivity. 2) Continuous oxidative stress (reactive oxygen species; ROS) and cytokine production by activated macrophages and neutrophils promote tumorigenicity in epithelial cells, which can promote epithelial-to-mesenchymal transition (EMT) as a result. 3) Deposition of the extracellular matrix (ECM) components, including fibronectin, collagen, laminin, and fibrin, in the tumor microenvironment (TME) by fibroblasts and activated immune cells modulate tumor cell proliferation and invasion. 4) Bidirectional crosstalk in the TME promotes further proliferation of tumor and stromal cells, as well as deposition and remodeling of ECM to promote tumor growth and motility. 5) Excessive cytokine release (e.g., IL-6) from the TME increases systemic circulating levels that promote hepatocyte pCRP production. pCRP secretion and subsequent mCRP-dependent inflammatory signaling (e.g., in involved endothelial cells and neutrophils), as well as its direct action on the ECM, contribute to tumor progression through ROS and cytokine signaling in the TME.





Cancer Can Induce an Inflammatory Response

Tumors that establish and grow in a tissue environment will induce an inflammatory response that will involve secretion of chemokines that promote immune recruitment (154). Tumor cells will also exploit signaling pathways of localized cells that, under non-cancerous situations would promote fibrosis and tissue repair, in order to foster rapid growth and metastatic potential of the growing tumor mass (149, 155, 156). Under normal physiologic conditions, tissue repair occurs in several phases in response to mechanical injury, infection, or irritation from xenobiotics (156–158). Epithelial or endothelial injury stimulates platelet aggregation and subsequent recruitment of neutrophils and mononuclear cells to the site of injury is then followed by the activation and differentiation of monocytes to polarized macrophages, which secrete growth factors and cytokines to facilitate wound healing through stimulating migration and activation of fibroblasts (159). Activated fibroblasts (myofibroblasts) in turn deposit collagen and remodel the extracellular matrix (160), and in concert with immune cells, promote fibrosis and the resulting formation of granulation tissue to resolve tissue damage.

The tumor microenvironment (TME) has been shown to promote tumor cell proliferation, migration, invasion and intravasation (141, 161, 162) through metabolite and cytokine secretion (163) and production of chemokines involved in immune recruitment (154, 164). Further, the TME favors differentiation of naïve monocytes to M2 macrophages which mediate fibrotic-like responses that facilitate tumor progression (165). Tumor-associated macrophages, in concert with activated fibroblasts and other stromal cell types in the TME, secrete laminin, and collagen to promote tumor cell motility as well as fibronectin, a key modulator of integrin-dependent adhesion and invasion (166–168). As observed in multiple cancers, activated stromal cells in the TME notably induce tumor cell EMT to promote not only proliferation, but also key metastatic processes, such as adhesion, migration, invasion, and colonization (163, 169, 170). Thus, the interplay between tissue structure/function and activated inflammatory responses may contribute to both protection from and exacerbation of disease.

Tumor cells that have undergone EMT secrete a number of growth factors observed during physiologic wound healing, including PDGF (171, 172), TGFβ1 (173), and fibrinogen (174), which are associated with immune cell granulation and enhanced tumor growth. Moreover, mesenchymal-like tumor cells and stromal cells common to the TME have been shown to also secrete cytokines involved in the synthesis of CRP [IL-1β (175)] as well as its secretion [IL-6 (176)], indicating a potential for systemic reaction to the progressing tumor. Locally, this crosstalk by these inflammatory mediators between tumor cells and their microenvironment promotes processes involved in metastasis in vitro (163, 169, 177), and markedly enhance the success of tumor growth and metastatic implantation in vivo (178, 179). Taken together, these studies indicate that progressing tumors enhance their development and metastasis in part through processes involved in wound healing and pro-inflammatory signaling, suggesting that cancer cell induced inflammation promotes tumor progression and thus disease severity.

The structural support for the regenerating tissue (e.g. basement membranes, non-damaged adjacent tissue) and the connections to the supporting structure tissues are important factors in the effective repair of wounded tissue. Cells growing into the matrix both influence and are influenced by the macromolecules found in the tissue. This influence is mediated within a cell through the intracellular cytoskeleton, composed primarily of actin, intermediate filament, and microtubule proteins. The cytoskeleton helps orient and organize cells within the tissue matrix for optimized function. Connections between the intracellular spaces and the extracellular matrix provide for dynamic and active interactions. Such connections must be reestablished as part of the wound healing process as cells migrate into a wound to regenerate functional, healthy tissues (136, 180–185).



Proposed Significance of CRP as a Biomarker and as a Biological Response Modifier in Cancer Disease

The clinical studies assessing CRP levels in cancer reviewed above, in light of preclinical data regarding the molecular activity of CRP and its distinctive isoforms in the inflammatory microenvironment, may provide invaluable insight into the contribution of CRP to disease progression of cancers. Moreover, the unique biological activity of mCRP or pCRP could help elaborate the clinical interpretations of CRP levels in patients suffering from cancer, thereby presenting CRP as a potential non-invasive technique to assess the severity of tumor development or progression. In the TME the potential exists for CRP to resolve an inflammatory environment through stimulating retention of monocytes by direct binding to fibronectin (117), which could aid in resolution of a pro-inflammatory (pro-tumorigenic) signaling milieu. Similarly, its ability to limit neutrophil chemotaxis through inhibition of IL-8-dependent migration (121) may also prevent an exacerbation of an inflammatory TME conducive for tumor growth. Conversely, a number of studies suggest the possibility for CRP to positively stimulate leukocyte production of cytokines such as IL-8 and MCP-1 [reviewed in (119)]. Depending on the broader context of stromal cells within the TME, this could indicate that CRP is either 1) enhancing cytotoxic T lymphocyte recruitment and subsequent tumor cell lysis, or 2) prolonging immune recruitment which could potentially lead to a sustained pro-inflammatory, and thus pro-tumorigenic, microenvironment. Therefore, while CRP may facilitate leukocyte retention and subsequent tumor cell lysis early in tumor development, an unresolved neoplastic growth may result in persistent signaling that potentiates both hepatic CRP production and excessive local inflammation, similar to what is observed in other pathologies that fail to resolve following injury and in line with the putative role of CRP in inflammation. While there is tremendous overlap in the matrix characteristics and signaling processes observed in both inflamed tissues and developing tumors, more direct measurement of the physiologic activity of CRP in the TME is both warranted and necessary. Assessing the capacity for CRP to regulate immune cell phenotypes, as well as its ability to modulate behavior of other stromal cells and tumor cells in the TME, can only be accomplished using in vivo studies or sophisticated 3D organotypic models (e.g., organoid cultures) to recapitulate the specific TME. Through these methods it may be possible to fully dissect the impact of CRP on the interactions between tumor and stromal compartments in order to assess its role in tumor development and metastasis.

The emerging relevance of the functional states of CRP isoforms suggest a complex relationship between its response in early inflammation related to de novo tumorigenesis and more advanced disease. The activity of mCRP in acute phase response illustrates its tremendous overlap in requisite components and signaling mechanisms of an actively developing tumor milieu. Further, given the observations that systemic levels of both IL-6 and IL-1β are elevated in multiple advanced cancers (186, 187), it is conceivable that the evolving tumor and its microenvironment may contribute to an exacerbation of CRP de novo synthesis and continuous secretion, potentially in excess of a slowing rate of conversion to mCRP that results in a demonstrable (and quantifiably significant) increase in systemic pCRP levels (Figure 5). This rise in pCRP, and indeed what has been measured in traditional clinical assessments, is thus more likely representative of continued tissue damage resulting from persistent development of neoplasms in situ. However, whether the rate of conversion of pCRP to mCRP during tumorigenesis or metastatic progression is like that observed in other inflammatory diseases remains unknown and requires exhaustive investigation. These potential relationships merit further preclinical assessment of the activity of mCRP in the growing tumor microenvironment and early metastatic niches of cancers in vivo to inform the exact nature of this inflammatory mediator and the significance of pCRP plasma levels throughout disease progression. Moreover, the recent advances in quantifying mCRP through enzyme-linked assays present a potential way forward for not only identifying the significance of mCRP as a diagnostic marker during disease progression per se (188), but could also be adapted to evaluate the molecular role of mCRP in cell-cell communication in the TME. Importantly, further development of such assays that can reliably distinguish between mCRP, pCRP, or possibly membrane-bound CRP will be essential in addressing the limitation of the reviewed clinical studies in that they only measure conventional or hsCRP (Table 1), which does not allow for a deeper appreciation of the contextual biological activity of CRP. While the predominant utility of CRP as a biomarker has traditionally been as a non-invasive diagnostic, it may also be useful to measure CRP by immunohistochemical methods or in tumor explant lysates, especially in the evaluation of CRP under controlled conditions in in vivo xenograft experiments. In combination with molecular techniques to directly identify interactions of mCRP with tumor and stromal cells, as well as other components of the TME (e.g., ECM proteins), these methods provide approaches that may elucidate the exact impact of mCRP on tumor cell proliferation, migration, invasion, and chemoresistance.




Figure 5 | Schematic relationship between pCRP and mCRP as a function of inflammation in cancer.



Taking this diversity in the physiologic activity of CRP isoforms into account in the context of cancer may give further insight into the relationship between inflammation and cancer and, moreover, improve the clinical evaluation of cancer progression using this biomarker in patient assessment. Regardless, there are already several clinically important interpretations from the current preclinical and clinical data that may help refine assessment of CRP as a diagnostic tool in cancer, which are presented in Table 3. Importantly, the data suggest that pCRP levels exceeding 50–100µg/ml indicates pervasive tissue damage and is associated with poor survival. In general, this may relate to the correlation of high CRP levels and metastatic potential of many tumor types, as outlined in Table 1, and is in line with the concept that unresolved inflammation may drive tumor development as well as enhance dissemination and metastasis. This proposed utility of CRP levels to estimate cancer progression are in line with what has been described in assessing disease severity in a number of inflammatory diseases, including analysis of the recent SARS-CoV-2 viral infection (COVID-19) (189). Further evaluation of the role of CRP in cancer will undoubtably improve its ability as a biomarker to indicate disease severity and progression more precisely, and thus may reveal it as an indispensable asset in clinical decision making.


Table 3 | Proposed diagnostic significance of CRP as a marker of inflammation associated with tissue damage.





Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Author Contributions

All authors contributed to the article and approved the submitted version. IR and LP were responsible for the curation of the meta-analysis performed in the review of published works on CRP levels among different cancers.



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. WHO: World Health Organization. International Agency for Research on Cancer. Press release N° 263. Geneva, Switzerland (2018). Available at: https://www.who.int/cancer/PRGlobocanFinal.pdf (Accessed on January 2nd, 2020). 12 September.

3. Botta, L, Dal Maso, L, Guzzinati, S, Panato, C, Gatta, G, Trama, A, et al. Changes in life expectancy for cancer patients over time since diagnosis. J Adv Res (2019) 20:153–9. doi: 10.1016/j.jare.2019.07.002

4. Gu, X, Zheng, R, Xia, C, Zeng, H, Zhang, S, Zou, X, et al. Interactions between life expectancy and the incidence and mortality rates of cancer in China: a population−based cluster analysis. Cancer Commun (2018) 38:44. doi: 10.1186/s40880-018-0308-x

5. Cao, B, Bray, F, Beltrán-Sánchez, H, Ginsburg, O, Soneji, S, and Soerjomataram, I. Benchmarking life expectancy and cancer mortality: global comparison with cardiovascular disease 1981-2010. BMJ (2017) 357:j2765. doi: 10.1136/bmj.j2765

6. Allemani, C, Weir, HK, Carreira, H, Harewood, R, Spika, D, Wang, X-S, et al. Global surveillance of cancer survival 1995–2009: analysis of individual data for 25 676 887 patients from 279 population-based registries in 67 countries (CONCORD-2). Lancet (2015) 385:977–1010. doi: 10.1016/S0140-6736(14)62038-9

7. Goldberg, JL, and Sondel, PM. Enhancing Cancer Immunotherapy Via Activation of Innate Immunity. Semin Oncol (2015) 42(4):562–72. doi: 10.1053/j.seminoncol.2015.05.012

8. Yarchoan, M, Hopkins, A, and Jaffee, E. Tumor mutational burden and response rate to PD-1 inhibition. N Eng J Med (2017) 377(25):2500–1. doi: 10.1056/NEJMc1713444

9. Bonaventura, P, Shekarian, T, Alcazer, V, Valladeau-Guilemond, J, Valsesia-Wittmann, S, Amigorena, S, et al. Cold tumors: a therapeutic challenge for immunotherapy. Front Immunol (2019) 10:16. doi: 10.3389/fimmu.2019.0016

10. Sharma, P, and Allison, JP. Dissecting the mechanisms of immune checkpoint therapy. Nat Rev Immunol (2020) 20(2):75–6. doi: 10.1038/s41577-020-0275-8

11. Intlekofer, AM, and Thompson, CB. At the bench: preclinical rationale for CTLA-4 and PD-1 blockade as cancer immunotherapy. J Leukoc Biol (2013) 94(1):25–39. doi: 10.1189/jlb.1212621

12. Martinez-Lostao, L, Anel, A, and Pardo, J. How do cytotoxic lymphocytes kill cancer cells? Clin Cancer Res (2015) 21(22):5047–56. doi: 10.1158/1078-0432.CCR-15-0685

13. Gonzalez, H, Hagerline, C, and Werb, Z. Roles of the immune system in cancer: from tumor initiation to metastatic progression. Genes Dev (2018) 32(19-20):1267–84. doi: 10.1101/gad.314617.118

14. FDA. US. Department of Health and Human Services. Guidance for Industry and FDA Staff. Review Criteria for Assessment of C-reactive protein (CRP), High Sensitivity C-Reactive Protein (hsCRP) and Cardiac C-Reactive Protein (cCRP) Assays. Document issued on September 22, 2005 Content current as of: 03/13/2018.

15. Shrotriya, S, Walsh, D, Bennani-Baiti, N, Thomas, S, and Lorton, C. C-Reactive Protein Is an Important Biomarker for Prognosis Tumor Recurrence and Treatment Response in Adult Solid Tumors: A Systematic Review. PloS One (2015) 10(12):e0143080. doi: 10.1371/journal.pone.0143080

16. Alifano, M, Falcoz, PE, Seegers, V, Roche, N, Schussler, O, Younes, M, et al. Preresection serum C-reactive protein measurement and survival among patients with resectable non–small cell lung cancer. J Thorac Cardiovasc Surg (2011) 142:1161–7. doi: 10.1016/j.jtcvs.2011.07.021

17. Aref, H, and Refaat, S. CRP evaluation in non-small cell lung cancer. Egyptian J Chest Dis Tuberculosis (2014) 63:717–22. doi: 10.1016/j.ejcdt.2014.02.003

18. Bittoni, MA, Focht, BC, Clinton, SK, Buckworth, J, and Harris, RE. Prospective evaluation of C-reactive protein, smoking and lung cancer death in the Third National Health and Nutrition Examination Survey. Int J Oncol (2015) 47:1537–44. doi: 10.3892/ijo.2015.3141

19. Chaturvedi, AK, Caporaso, NE, Katki, HA, Wong, H-L, Chatterjee, N, Pine, SR, et al. C-Reactive Protein and Risk of Lung Cancer. J Clin Oncol (2010) 28(16):2719–26. doi: 10.1200/JCO.2009.27.0454

20. Hara, M, Matsuzaki, Y, Shimuzu, T, Tomita, M, Ayabe, T, Enomoto, Y, et al. Preoperative Serum C-reactive Protein Level in Non-small Cell Lung Cancer. Anticancer Res (2007) 27:3001–4.

21. Hara, M, Yonei, A, Ayabe, T, Tomita, M, Nakamura, K, and Onitsuka, T. Postoperative serum C-Reactive Protein levels in non-small cell lung cancer patients. Ann Thorac Cardiovasc Surg (2010) 16:85–90.

22. Jin, Y, Sun, Y, Shi, X, Zhao, J, Shi, L, and Yu, X. Prognostic value of circulating C−reactive protein levels in patients with non-small cell lung cancer: A systematic review with meta−analysis. J Cancer Res Ther (2014) 10(Special Issue 2):Suppl:C160–6. doi: 10.4103/0973-1482.145854

23. Jing, X, Huang, C, Zhou, H, Li, C, Fan, L, Chen, J, et al. Association between serum C-reactive protein value and prognosis of patients with non-small cell lung cancer: a meta-analysis. Int J Clin Exp Med (2015) 8(7):10633–9.

24. Koch, A, Fohlin, H, and Sörenson, S. Prognostic Significance of C-reactive protein and Smoking in Patients with Advanced Non-small Cell Lung Cancer Treated with First-Line Palliative Chemotherapy. J Thoracic Oncol (2009) 4(3):326–32. doi: 10.1097/JTO.0b013e31819578c8

25. Liao, C, Yu, Z, Guo, W, Liu, Q, Wu, Y, Li, Y, et al. Prognostic value of circulating inflammatory factors in non-small cell lung cancer: a systematic review and meta-analysis. Cancer Biomark (2014) 14(6):469–81. doi: 10.3233/CBM-140423

26. Muller, DC, Larose, TL, Hodge, A, Guida, F, Langhammer, A, Grankvist, K, et al. Circulating high sensitivity C reactive protein concentrations and risk of lung cancer: nested case-control study within Lung Cancer Cohort Consortium. BMJ (2018) 364:k4981. doi: 10.1136/bmj.k4981

27. Pastorino, U, Morelli, D, Leuzzi, G, Gisabella, M, Suatoni, P, Taverna, F, et al. Baseline and postoperative C-reactive protein levels predict mortality in operable lung cancer. Eur J Cancer (2017) 79:90–7. doi: 10.1016/j.ejca.2017.03.020

28. Shinohara, S, Otsuki, R, Onitsuka, T, Machida, K, Matsuo, M, Nakagawa, M, et al. Postoperative C-reactive Protein Is a Predictive Biomarker for Survival After Non-small Cell Lung Cancer Resection. Anticancer Res (2019) 39:2193–8. doi: 10.21873/anticanres.13334

29. Sin, DD, Man, SFP, McWilliams, A, and Lam, S. Progression of airway dysplasia and C - reactive protein in smokers at high risk of lung cancer. Am J Respir Crit Care Med (2006) 173:535–9. doi: 10.1164/rccm.200508-1305OC

30. Szturmowicz, M, Rudziński, P, Kacprzak, A, Langfort, R, Bestry, I, Broniarek-Samson, B, et al. Prognostic value of serum C-reactive protein (CRP) and cytokeratin 19 fragments (Cyfra 21-1) but not carcinoembryonic antigen (CEA) in surgically treated patients with non-small cell lung cancer. Pneumonol Alergol Pol (2014) 82:422–9. doi: 10.5603/PiAP.2014.0055

31. Tomita, M, Shimizu, T, Ayabe, T, and Onitsuka, T. Elevated Preoperative Inflammatory Markers Based on Neutrophil-to-Lymphocyte Ratio and C-Reactive Protein Predict Poor Survival in Resected Non-small Cell Lung Cancer. Anticancer Res (2012) 32:3535–8.

32. Torrecilla, JA, Scrimini, S, Sauleda, J, García-Cosío, FB, Noguera, A, Iglesias, A, et al. Role of C reactive protein in non-small cell lung cancer staging. Eur Respir J (2011) 38(Suppl 55):2806.

33. Vagulienė, N, Žemaitis, M, Miliauskas, S, Urbonienė, D, Šitkauskienė, B, and Sakalauskas, R. Comparison of C-reactive Protein Levels in Patients with Lung Cancer and Chronic Obstructive Pulmonary Disease. Medicina (Kaunas) (2011) 47(8):421–7. doi: 10.3390/medicina47080059

34. Wei, L, Du, Y, Wu, W, and Li, L. Changes of tumor markers and C reactive protein in different status of lung cancer. Int J Clin Exp Pathol (2016) 9(11):11984–8.

35. Zhao, Z, Li, X, Zhao, Y, Wang, D, Li, Y, Liu, L, et al. Role of C-reactive protein and procalcitonin in discriminating between infectious fever and tumor fever in non-neutropenic lung cancer patients. Medicine (2018) 97:33(e11930). doi: 10.1097/MD.0000000000011930

36. Allin, KH, Nordestgaard, BG, Flyger, H, and Bojesen, SE. Elevated pre-treatment levels of plasma C-reactive protein are associated with poor prognosis after breast cancer: a cohort study. Breast Cancer Res (2011) 13:R55. doi: 10.1186/bcr2891

37. Asegaonkar, SB, Takalkar, UV, Kodlikeri, P, Pagdhune, A, Bonduliya, V, and Thorat, AP. Serum high sensitivity C-reactive protein in breast cancer patients. Int J Res Med Sci (2014) 2(4):1408–11. doi: 10.5455/2320-6012.ijrms20141131

38. Gathirua-Mwangi, WG, Song, Y, Monahan, P, Champion, VL, and Zollinger, T. Associations of metabolic syndrome and C-reactive protein with mortality from total cancer, obesity-linked cancers and breast cancer among women in NHANES III. Int J Cancer (2018) 143(3):535–42. doi: 10.1002/ijc.31344

39. Guo, L, Liu, S, Zhang, S, Chen, Q, Zhang, M, Quan, P, et al. C-reactive protein and risk of breast cancer: A systematic review and meta-analysis. Sci Rep (2015) 5:10508. doi: 10.1038/srep10508

40. Nelson, SH, Brasky, TM, Patterson, RE, Laughlin, GA, Kritz-Silverstein, D, Edwards, BJ, et al. The association of the C-reactive protein inflammatory biomarker with breast cancer incidence and mortality in the Women’s Health Initiative. Cancer Epidemiol Biomarkers Prev (2017) 26(7):1100–6. doi: 10.1158/1055-9965.EPI-16-1005

41. Rodriguez-Gil, JL, Takita, C, Wright, J, Reis, IM, Zhao, W, Brian, EL, et al. Inflammatory biomarker C-Reactive Protein and radiotherapy-induced early adverse skin reactions in breast cancer patients. Cancer Epidemiol Biomarkers Prev (2014) 23(9):1873–83. doi: 10.1158/1055-9965.EPI-14-0263

42. Sabiston, CM, Wrosch, C, Castonguay, AL, and Sylvester, BD. Changes in physical activity behavior and C-reactive protein in breast cancer patients. Ann Behav Med (2018) 52:545–51. doi: 10.1093/abm/kax010

43. Sicking, I, Edlund, K, Wesbuer, E, Weyer, V, Battista, MJ, Lebrecht, A, et al. Prognostic Influence of pre-operative C-Reactive Protein in node-negative breast cancer patients. PloS One (2014) 9(10):e111306. doi: 10.1371/journal.pone.0111306

44. Thomson, CA, Thompson, PA, Wright-Bea, J, Nardi, E, Frey, GR, and Stopeck, A. Metabolic Syndrome and Elevated C-Reactive Protein in Breast Cancer Survivors on Adjuvant Hormone Therapy. J Women’s’ Health (2009) 18(12):2041–7. doi: 10.1089/jwh.2009.1365

45. Villaseñor, A, Flatt, SW, Marinac, C, Natarajan, L, Pierce, JP, and Patterson, RE. Postdiagnosis C - reactive protein and Breast Cancer Survivorship: Findings from the WHEL Study. Cancer Epidemiol Biomarkers Prev (2013) 23(1):189–99. doi: 10.1158/1055-9965.EPI-13-0852

46. Wang, J, Lee, IM, Tworoger, SS, Buring, JE, Ridker, PM, Rosner, B, et al. Plasma C-reactive protein and risk of breast cancer in two prospective studies and a meta-analysis. Cancer Epidemiol Biomarkers Prev (2015) 24(8):1199–206. doi: 10.1158/1055-9965.EPI-15-0187

47. Zhang, SM, Lin, J, Cook, NR, Lee, I-M, Manson, JE, Buring, JE, et al. C - reactive protein and risk of breast cancer. J Natl Cancer Inst (2007) 99:890–94. doi: 10.1093/jnci/djk202

48. Aleksandrova, K, Jenab, M, Boeing, H, Jansen, E, Bueno-de-Mesquita, HB, Rinaldi, S, et al. Circulating C-Reactive Protein Concentrations and Risks of Colon and Rectal Cancer: A Nested Case-Control Study Within the European Prospective Investigation into Cancer and Nutrition. Am J Epidemiol (2010) 172(4):407–18. doi: 10.1093/aje/kwq135

49. Erlinger, TP, Platz, EA, Rifai, N, and Helzlsouer, KJ. C - reactive protein and the Risk of Incident Colorectal Cancer. JAMA (2004) 291(5):585–90. doi: 10.1001/jama.291.5.585

50. Fang, D, and Ye, Y. C-reactive protein gene rs1205 polymorphism is not associated with the risk of colorectal cancer. Biosci Rep (2017) 37:BSR20170872. doi: 10.1042/BSR20170872

51. Goyal, A, Terry, MB, Jin, Z, and Siegel, AB. C-Reactive Protein and Colorectal Cancer Mortality in U.S. Adults Cancer Epidemiol Biomarkers Prev (2014) 23(8):1609–18. doi: 10.1158/1055-9965.EPI-13-0577

52. Holm, M, Saraswat, M, Joenväärä, S, Ristimäki, A, Haglund, C, and Renkonen, R. Colorectal cancer patients with different C-reactive protein levels and 5-year survival times can be differentiated with quantitative serum proteomics. PloS One (2018) 13(4):e0195354. doi: 10.1371/journal.pone.0195354

53. Ishizuka, M, Nagata, H, Takagi, K, and Kubota, K. C-Reactive Protein is Associated with Distant Metastasis of T3 Colorectal Cancer. Anticancer Res (2012) 32:1409–16.

54. Lumachi, F, Basso, SMM, Santeufemia, DA, Ermani, M, Lo Re, G, and Chiara, GB. Preoperative Serum C - reactive protein and its Prognostic Significance in Patients with Stage III-IV Colorectal Cancer. Anticancer Res (2014) 34:7263–6.

55. Nimptsch, K, Aleksandrova, K, Boeing, H, Janke, J, Lee, Y-A, Jenab, M, et al. Association of CRP genetic variants with blood concentrations of C-reactive protein and colorectal cancer risk. Int J Cancer (2015) 136:1181–92. doi: 10.1002/ijc.29086

56. Shibutani, M, Maeda, K, Nagahara, H, Ohtani, H, Sugano, K, Ikeya, T, et al. Elevated preoperative serum C-reactive protein levels are associated with poor survival in patients with colorectal cancer. Hepatogastroenterology (2014) 61(136):2236–40.

57. Toiyama, Y, Fujikawa, H, Koike, Y, Saigusa, S, Inoue, Y, Tanaka, K, et al. Evaluation of preoperative C-reactive protein aids in predicting poor survival in patients with curative colorectal cancer with poor lymph node assessment. Oncol Lett (2012) 5:1881–8. doi: 10.3892/ol.2013.1308

58. Zhou, B, Shu, B, Yang, J, Liu, J, Xi, T, and Xing, Y. C-reactive protein, interleukin-6 and the risk of colorectal cancer: a meta-analysis. Cancer Causes Control (2014) 25:1397–405. doi: 10.1007/s10552-014-0445-8

59. Badakhshi, H, Kaul, D, and Zhao, KL. Association between the inflammatory biomarker, C-reactive protein, and the response to radiochemotherapy in patients with esophageal cancer. Mol Clin Oncol (2016) 4(4):643–7. doi: 10.3892/mco.2016.753

60. Huang, Y, Feng, JF, Liu, JS, and Chen, QX. Prognostic role of serum C-reactive protein in esophageal cancer: a systematic review and meta-analysis. Ther Clin Risk Manag (2015) 11:89–94. doi: 10.2147/TCRM.S70954

61. Katano, A, Takahashi, W, Yamashita, H, Yamamoto, K, Ando, M, Yoshida, M, et al. The impact of elevated C-reactive protein level on the prognosis for oro-hypopharynx cancer patients treated with radiotherapy. Sci Rep (2017) 7(1):17805. doi: 10.1038/s41598-017-18233-w

62. Zheng, TL, Cao, K, Liang, C, Zhang, K, Guo, HZ, Li, DP, et al. Prognostic value of C-reactive protein in esophageal cancer: a meta-analysis. Asian Pac J Cancer Prev (2014) 15(19):8075–81. doi: 10.7314/apjcp.2014.15.19.8075

63. Baba, H, Kuwabara, K, Ishiguro, T, Hatano, S, Matsuzawa, T, Fukuchi, M, et al. C-reactive Protein as a Significant Prognostic Factor for Stage IV Gastric Cancer Patients. Anticancer Res (2013) 33:5591–6.

64. Chang, C-C, Sun, C-F, Pai, H-J, Wang, W-K, Hsieh, C-C, Kuo, L-M, et al. Preoperative Serum C -reactive protein and Gastric Cancer; Clinical-pathological Correlation and Prognostic Significance. Med J (2010) 33:301–12.

65. Shimura, T, Kitagawa, M, Yamada, T, Ebi, M, Mizoshita, T, Tanida, S, et al. C-reactive Protein is a Potential Prognostic Factor for Metastatic Gastric Cancer. Anticancer Res (2012) 32:491–6.

66. Shishido, Y, Fujitani, K, Yamamoto, K, Hirao, M, Tsujinaka, T, and Sekimoto, M. C-reactive protein on postoperative day 3 as a predictor of infectious complications following gastric cancer resection. Gastric Cancer (2016) 19:293–301. doi: 10.1007/s10120-014-0455-y

67. Yu, Q, Yu, X-F, Zhang, S-D, Wang, H-H, Wang, H-Y, and Teng, L-S. Prognostic Role of C-reactive protein in Gastric Cancer: A Meta-analysis. Asian Pacific J Cancer Prev (2013) 14(10):5735–40. doi: 10.7314/APJCP.2013.14.10.5735

68. Fang, Y, Xu, C, Wu, P, Zhang, L-H, Li, D-W, Sun, J-H, et al. Prognostic role of C-reactive protein in patients with nasopharyngeal carcinoma A meta-analysis and literature review. Medicine (2017) 96:45(e8463). doi: 10.1097/MD.0000000000008463

69. He, X, Li, J-P, Liu, X-H, Zhang, J-P, Zeng, Q-Y, Chen, H, et al. Prognostic value of C-reactive protein/albumin ratio in predicting overall survival of Chinese cervical cancer patient’s overall survival: comparison among various inflammation-based factors. J Cancer (2018) 9(10):1877–84. doi: 10.7150/jca.23320

70. Tai, SF, Chien, H-T, Young, C-K, Tsao, C-K, de Pablo, A, Fan, K-H, et al. Roles of preoperative C-reactive protein are more relevant in buccal cancer than other subsites. World J Surg Oncol (2017) (2017)15:47. doi: 10.1186/s12957-017-1116-5

71. Du, J, Hu, W, Yang, C, Wang, Y, Wang, X, and Yang, P. C-reactive protein is associated with the development of tongue squamous cell carcinoma. Acta Biochim Biophys Sin (2018) 50(3):238–45. doi: 10.1093/abbs/gmy004

72. Oliveira, KG, von Zeidler, SV, Lamas, AZ, de Podesta, JRV, Sena, A, Souza, ED, et al. Relationship of inflammatory markers and pain in patients with head and neck cancer prior to anticancer therapy. Braz J Med Biol Res (2014) 47(7):600–4. doi: 10.1590/1414-431X20143599

73. Carr, BI, Akkiz, H, Guerra, V, Üsküdar, O, Kuran, S, Karaoğullarından, Ü, et al. C-reactive protein and hepatocellular carcinoma: analysis of its relationship to tumor factors. Clin Pract (Lond) (2018) 15(Spec Issue):625–34. doi: 10.4172/clinical-practice.1000409

74. Kinoshita, A, Onoda, H, Imai, N, Iwaku, A, Oishi, M, Tanaka, K, et al. The addition of C-reactive protein to validated staging systems improves their prognostic ability in patients with hepatocellular carcinoma. Oncology (2014) 86:308–17. doi: 10.1159/000360704

75. Hefler, L, Concin, N, Hofstetter, G, Marth, C, Mustea, A, Sehouli, J, et al. Serum C-Reactive Protein as independent prognostic variable in patients with ovarian cancer. Clin Cancer Res (2008) 14(3):710–4. doi: 10.1158/1078-0432.CCR-07-1044

76. Li, J, Jiao, X, Yuan, Z, Qiu, H, and Guo, R. C-reactive protein and risk of ovarian cancer: A systematic review and meta-analysis. Medicine (2017) 96:34(e7822). doi: 10.1097/MD.0000000000007822

77. Lundin, E, Dossus, L, Clendenen, T, Krogh, V, Grankvist, K, Wulff, M, et al. C-reactive protein and ovarian cancer: a prospective study nested in three cohorts (Sweden, USA, Italy). Cancer Causes Control (2009) 20(7):1151–9. doi: 10.1007/s10552-009-9330-2

78. Graff, JN, Beer, TM, Liu, B, Sonpavde, G, and Taioli, E. Pooled analysis of C-Reactive Protein levels and mortality in prostate cancer patients. Clin Genitourin Cancer (2015) 13(4):e217–21. doi: 10.1016/j.clgc.2015.01.011

79. Liu, Z-Q, Chu, L, Fang, J-M, Zhang, X, Zhao, H-X, Chen, Y-J, et al. Prognostic role of C−reactive protein in prostate cancer: a systematic review and meta−analysis. Asian J Androl (2014) 16:467–71. doi: 10.4103/1008-682X.123686

80. Platz, EA, De Marzo, AM, Erlinger, TP, Rifai, N, Visvanathan, K, Hoffman, SC, et al. No association between pre-diagnostic plasma C-reactive protein concentration and subsequent prostate cancer. Prostate (2004) 59(4):393–400. doi: 10.1002/pros.10368

81. Schnoeller, TJ, Steinestel, J, Steinestel, K, Jentzmik, F, and Schrader, AJ. Do preoperative serum C−reactive protein levels predict the definitive pathological stage in patients with clinically localized prostate cancer? Int Urol Nephrol (2015) 47:765–70. doi: 10.1007/s11255-015-0952-x

82. Thurner, EM, Krenn-Pilko, S, Langsenlehner, U, Stojakovic, T, Pichler, M, Gerger, A, et al. The elevated C-reactive protein level is associated with poor prognosis in prostate cancer patients treated with radiotherapy. Eur J Cancer (2015) 51(5):610–9. doi: 10.1016/j.ejca.2015.01.002

83. Xu, L, Zhao, Q, Huang, S, Li, S, Wang, J, and Li, Q. Serum C-reactive protein acted as a prognostic biomarker for overall survival in metastatic prostate cancer patients. Tumour Biol (2015) 36(2):669–73. doi: 10.1007/s13277-014-2670-x

84. Liu, Y, Chen, S, Zheng, C, Ding, M, Zhang, L, Wang, L, et al. The prognostic value of the preoperative c-reactive protein/albumin ratio in ovarian cancer. BMC Cancer (2017) 17:285. doi: 10.1186/s12885-017-3220-x

85. Chen, J, Jing, X, Deng, X, Gao, F, Wang, X, Han, D, et al. Prognostic value of serum C-reactive protein in pancreatic cancer: a meta-analysis. Int J Clin Exp Med (2018) 11(11):11789–96.

86. Inoue, D, Ozaka, M, Matsuyama, M, Yamada, I, Takano, K, Saiura, A, et al. Prognostic value of neutrophil–lymphocyte ratio and level of C-reactive protein in a large cohort of pancreatic cancer patients: a retrospective study in a single institute in Japan. Japanese J Clin Oncol (2015) 45(1):61–6. doi: 10.1093/jjco/hyu159

87. Stevens, L, Pathak, S, Nunes, QM, Pandanaboyana, S, Macutkiewicz, C, Smart, N, et al. Prognostic significance of pre-operative C-reactive protein and the neutrophil–lymphocyte ratio in resectable pancreatic cancer: a systematic review. HPB (2015) 17:285–91. doi: 10.1111/hpb.12355

88. Hsiao, W, Herrel, LA, Yu, C, Kattan, MW, Canter, DJ, Carthon, BC, et al. Nomograms incorporating serum C-reactive protein effectively predict mortality before and after surgical treatment of renal cell carcinoma. Int J Urol (2015) 22(3):264–70. doi: 10.1111/iju.12672

89. Omae, K, Kondo, T, and Tanabe, K. High preoperative C-reactive protein values predict poor survival in patients on chronic hemodialysis undergoing nephrectomy for renal cancer. Urol Oncol (2015) 33(2):67.e9–13. doi: 10.1016/j.urolonc.2014.07.004

90. Teishima, J, Kobatake, K, Hayashi, T, Seno, Y, Ikeda, K, Nagamatsu, H, et al. Prognostic significance of C-reactive protein in patients with intermediate-risk metastatic renal cell carcinoma treated with molecular targeted therapy. Oncol Lett (2014) 8(2):881–5. doi: 10.3892/ol.2014.2207

91. Aziz, A, Rink, M, Gakis, G, Kluth, LA, Dechet, C, Miller, F, et al. Preoperative C-reactive protein in the serum: a prognostic biomarker for upper urinary tract urothelial carcinoma treated with radical nephroureterectomy. Urol Int (2014) 93(3):352–60. doi: 10.1159/000362248

92. Dai, J, Tang, K, Xiao, W, Yu, G, Zeng, J, Li, W, et al. Prognostic Significance of C -reactive protein in Urological Cancers: A Systematic Review and Meta-analysis. Asian Pac J Cancer Prev (2014) 15(8):3369–75. doi: 10.7314/apjcp.2014.15.8.3369

93. Guo, S, He, X, Chen, Q, Yang, G, Yao, K, Dong, P, et al. The C-reactive protein/albumin ratio, a validated prognostic score, predicts outcome of surgical renal cell carcinoma patients. BMC Cancer (2017) 17:171. doi: 10.1186/s12885-017-3119-6

94. Troppan, KT, Schlick, K, Deutsch, A, Melchardt, T, Egle, A, Stojakovic, T, et al. C-reactive protein level is a prognostic indicator for survival and improves the predictive ability of the R-IPI score in diffuse large B-cell lymphoma patients. Br J Cancer (2014) 111:55–60. doi: 10.1038/bjc.2014.277

95. Fang, S, Wang, Y, Sui, D, Liu, H, Ross, MI, Gershenwald, JE, et al. C-Reactive Protein as a marker of melanoma progression. J Clin Oncol (2015) 33:1389–96. doi: 10.1200/JCO.2014.58.0209

96. Fang, E, Wang, X, Feng, J, and Zhao, X. The Prognostic Role of Glasgow Prognostic Score and C - reactive protein to Albumin Ratio for Sarcoma: A System Review and Meta-Analysis. Dis Markers (2020) 2020:14 pages. doi: 10.1155/2020/8736509. Article ID 8736509.

97. Li, W, Luo, X, Liu, Z, Chen, Y, and Li, Z. Prognostic value of C-reactive protein levels in patients with bone neoplasms: A meta-analysis. PloS One (2018) 13(4):e0195769. doi: 10.1371/journal.pone.0195769

98. Nakamura, T, Grimer, R, Gaston, C, Francis, M, Charman, J, Graunt, P, et al. The value of C-reactive protein and comorbidity in predicting survival of patients with high grade soft tissue sarcoma. Eur J Cancer (2013) 49(2):377–85. doi: 10.1016/j.ejca.2012.09.004

99. Nakamura, T, Matsumine, A, Matsubara, T, Asanuma, K, Yada, Y, Hagi, T, et al. Infiltrative tumor growth patterns on magnetic resonance imaging associated with systemic inflammation and oncological outcome in patients with high-grade soft-tissue sarcoma. PloS One (2017) 12(7):e0181787. doi: 10.1371/journal.pone.0181787

100. Wang, X, Liu, S, Zhao, X, Fang, E, and Zhao, X. The value of C-reactive protein as an independent prognostic indicator for disease specific survival in patients with soft tissue sarcoma: A meta-analysis. PloS One (2019) 14(7):e0219215. doi: 10.1371/journal.pone.0219215

101. Yanagisawa, M, Gingrich, AA, Judge, S, Li, C-S, Wang, N, Thorpe, SW, et al. Serum C-reactive protein and neutrophil/lymphocyte ratio after neoadjuvant radiotherapy in soft tissue sarcoma. Anticancer Res (2018) 38(3):1491–7. doi: 10.21873/anticanres.12376

102. Shrotriya, S, Walsh, D, Nowacki, AS, Lorton, C, Aktas, A, Hullihen, B, et al. cSerum C-reactive protein is an important and powerful prognostic biomarker in most adult solid tumors. PloS Onev (2018) 13(8):e0202555. doi: 10.1371/journal.pone.0202555

103. Rajab, IM, Majerczyk, D, Olson, ME, Addams, JMB, Choe, ML, Nelson, MS, et al. C-reactive protein in gallbladder diseases: diagnostic and therapeutic insights. Biophysics Rep (2020). doi: 10.1007/s41048-020-00108-9

104. Tyurina, YY, St. Croix, CM, Watkins, SC, Watson, AM, Epperly, MW, Tamil, S, et al. Redox (phospho)lipidomics of signaling in inflammation and programmed cell death. J Leukoc Biol (2019) 106(1):57–81. doi: 10.1002/JLB.3MIR0119-004RR

105. Zen, Q, Zhong, W, and Mortensen, RF. Binding site on human C-reactive Protein (CRP) recognized by the Leukocyte CRP-receptor. J Cell Biochem (1997) 64:140–51. doi: 10.1002/(SICI)1097-4644(199701)64:1<140:AIDJBC16>3.0.CO;2-p

106. Thomassen, MJ, Meeker, DP, Deodhar, SD, Wiedemann, HP, and Barna, BP. Activation of human monocytes and alveolar macrophages by a synthetic peptide of C-reactive protein. J Immunother Emphasis Tumor Immunol (1993) 13(1):1–6. doi: 10.1097/00002371-1993010000-00001

107. Li, H-Y, Wang, J, Meng, F, Jia, Z-K, Su, Y, Bai, Q-F, et al. An intrinsically disordered motif mediates diverse actions of monomeric C-reactive protein. J Biol Chem (2016) 291(16):8795–804. doi: 10.1074/jbc.M115.695023

108. Thompson, D, Pepys, MB, and Wood, SP. The physiological structure of human C-reactive protein and its complex with phosphocholine. Structure (1999) 7(2):169–77. doi: 10.1016/S0969-2126(99)80023-9

109. Shrive, AK, Cheetham, GMT, Holden, D, Myles, DAA, Turnell, WG, Volanakis, JE, et al. Three-dimensional structure of human C-reactive protein. Nat Struc Biol (1996) 3:346–54. doi: 10.1038/nsb0496-346

110. Wu, Y, Potempa, LA, Kebir, DE, and Filep, JG. C-reactive protein and inflammation: conformational changes affect function. Biol Chem (2015) 396(11):1181–97. doi: 10.1515/hsz-2015-0149

111. Dvorak, HF. Tumors: wounds that do not heal. New Engl J Med (1986) 315:1650–9. doi: 10.1056/NEJM198612253152606

112. Balkwill, F, and Mantovani, A. Inflammation and cancer: back to Virchow? Lancet (2001) 357(9255):539–45. doi: 10.1016/S0140-6736(00)04046-0

113. Agrawal, A, Xu, Y, Ansardi, D, Macon, KJ, and Volanakis, JE. Probing the phosphocholine-binding site of human C-reactive protein by site-directed mutagenesis. J Biol Chem (1992) 267:25352–8.

114. Volanakis, JE. Human C-reactive protein: expression, structure, and function. Mol Immunol (2001) 38(2-3):189–97. doi: 10.1016/s0161-5890(01)00042-6

115. Salonen, E-M, Vartio, T, Hedman, K, and Vaheri, A. Binding of fibronectin by the acute phase reactant C-reactive protein. J Biol Chem (1984) 259:1496–501.

116. Tseng, J, and Mortensen, RF. Binding of human C-reactive protein (CRP) to plasma fibronectin occurs via the phosphorylcholine-binding site. Mol Immunol (1988) 25:679–86. doi: 10.1016/0161-5890(88)90103-4

117. Ullah, N, Ma, F-R, Jin Han, J, Liu, X-L, Fu, Y, Liu, Y-T, et al. Monomeric C-reactive Protein Regulate Mediated Monocyte Adhesion. Mol Immunol (2020) 117:122–30. doi: 10.1016/j.molimm.2019.10.013

118. Swanson, SJ, McPeek, MM, and Mortensen, RF. Characteristics of the binding of human C-reactive protein (CRP) to laminin. J Cell Biochem (1989) 40:121–32. doi: 10.1002/jcb.240400112

119. Sproston, NR, and Ashworth, JJ. Role of C-Reactive Protein at Sites of Inflammation and Infection. Front Immunol (2018) 9:754. doi: 10.3389/fimmu.2018.00754

120. McFadyen, J, Kiefer, J, Loseff-Silver, J, Braig, D, Potempa, LA, Eisenhardt, SU, et al. Dissociation of C-reactive protein localizes and amplifies inflammation: Evidence for a direct biological role of CRP and its conformational changes. Front Immunol (2018) 9:1351. doi: 10.3389/fimmu.2018.01351.ecollection. Article 1351.

121. Zhong, W, Zen, Q, Tebo, J, Schlottmann, K, Coggeshall, M, Mortensen, RF, et al. Effect of human C-reactive protein on chemokine and chemotactic factor-induced neutrophil chemotaxis and signaling. J Immunol (1998) 161(5):2533–40.

122. Trial, J, Potempa, LA, and Entman, ML. The Role of C-reactive Protein in Innate and Acquired Inflammation: New Perspectives. Inflammation Cell Signaling (2016) 3:e1409. doi: 10.14800/ics.1498

123. Zhang, L, Shen, ZY, Wang, K, Li, W, Shi, J-M, Kombo Orsoro, E, et al. C-reactive protein exacerbates epithelial-mesenchymal transition through Wnt/β-catenin and ERK signaling in streptozocin-induced diabetic nephropathy. FASEB J (2019) 33(5):6551–63. doi: 10.1096/fj.201801865RR

124. Nakai, K, Tanaka, H, Yamanaka, K, takahashi, Y, Murakami, F, Matsuike, R, et al. Effects of C-reactive protein on the expression of matrix metalloproteinases and their inhibitors via Fcγ receptors on 3T3-L1 adipocytes. Int J Med Sci (2017) 14(5):484–93. doi: 10.7150/ijms.18059

125. Li, H-Y, Wang, J, Wu, Y-X, Zhang, L, Liu, Z-P, Filep, J, et al. Topological localization of monomeric C-reactive protein determines proinflammatory endothelial cell responses. J Biol Chem (2014) 289(20):14283–90. doi: 10.1074/jbc.M114.555318

126. Shephard, EG, Anderson, R, Rosen, O, Myer, MS, Fridkin, M, Strachan, AF, et al. Peptides generated from C-reactive protein by a neutrophil membrane protease. J Immunol (1990) 145:1469–76.

127. Shephard, EG, Anderson, R, Rosen, O, and Fridkin, M. C-reactive protein (CRP) peptides inactivate enolase in human neutrophils leading to depletion of intracellular ATP and inhibition of superoxide generation. Immunology (1992a) 76(1):79–85.

128. Shephard, EG, Kelly, SL, Anderson, R, and Fridkin, M. Characterization of neutrophil-mediated degradation of human C-reactive protein and identification of the protease. Clin Exp Immunol (1992b) 87(3):509–13. doi: 10.1111/j.1365-2249.1992.tb0328.x

129. El Kebir, D, Zhang, Y, Wang, L, Potempa, LA, Wu, Y, Fournier, A, et al. C-reactive protein-derived peptide 201-206 inhibits neutrophil adhesion to endothelial cells and platelets through CD32. J Leukocyte Biol (2011) 90(6):1167–75. doi: 10.1074/jlb.0111032

130. Rajab, IM, Hart, PC, and Potempa, LA. How C-reactive protein structural isoforms with distinctive bioactivities affect disease progression. Front Immunol (2020) 11:2126. doi: 10.3389/fimmu.2020.02126

131. Theile, JR, Zeller, J, Kiefer, J, Braig, D, Kreuzaler, S, Lenz, Y, et al. A conformational change in C-reactive protein enhances leukocyte recruitment and reactive oxygen species generation in ischemia/reperfusion injury. Front Immunol (2018) 6:675. doi: 10.3389/fimmu.2018.00675

132. Thiele, JR, Zeller, J, Bannasch, H, Stark, GB, Peter, K, and Eisenhardt, SU. Targeting C-Reactive Protein in Inflammatory Disease by Preventing Conformational Changes. Mediators Inflammation (2015) 2015:372432. doi: 10.1155/2015/372432

133. Braig, D, Nero, TL, Koch, H-G, Kaiser, B, Wang, X, Thiele, JR, et al. Characterization of transitional changes in the CRP structure leading to the exposure of pro-inflammatory binding sites. Nat Commun (2017) 23:14188. doi: 10.1038/ncomms14188

134. Tan, C, Huang, Y, Shi, F, Tan, K, Ma, Q, Chen, Y, et al. C-reactive protein correlates with CT findings and predicts severe COVID-19 early. J Med Virol (2020) 92(7):856–62. doi: 10.1002/jmv.25871

135. Birk, DE, Silver, FH, and Trelstad, RL. Matrix assembly. In:  ED Hay, editor. Cell Biology of Extracellular Matrix, 2nd edition. New York: Plenum Press (1991). p. 221–54.

136. Aumailley, M, and Gayraud, B. Structure and biological activity of the extracellular matrix. J Mol Med (1998) 76:253–65. doi: 10.1007/s001090050215

137. Yue, B. Biology of the extracellular matrix: an overview. J Glaucoma (2014) 23(8):S20–3. doi: 10.1097/IJG.0000000000000108

138. Cray, C. Acute phase proteins in animals. 2012 Prog Mol Biol Transl Sci (2012) 105:113–50. doi: 10.1016/B978-0-12-394596-9.00005-6

139. Hunt, TK. Basic principles of wound healing. J Trauma (1990) 30:S122–128. doi: 10.1097/00005373-199012001-00025

140. Kim, WJ, Gittes, GK, and Longaker, MT. Signal transduction in wound pharmacology. Arch Pharm Res (1998) 21:487–95. doi: 10.1007/BF02975363

141. Balkwill, FR, and Mantovani, A. Cancer-related inflammation: common themes and therapeutic opportunities. Semin Cancer Biol (2012) 22(1):33–40. doi: 10.1016/j.semcancer.2011.12.005

142. Coussens, LM, and Werb, Z. Inflammation and cancer. Nature (2002) 420(6917):860–7. doi: 10.1038/nature01322

143. Murata, M. Inflammation and cancer. Environ Health Prev Med (2018) 23(1):50. doi: 10.1186/s12199-018-0740-1

144. Landskron, G, De la Fuente, M, Thuwajit, P, Thuwajit, C, and Hermoso, MA. Chronic inflammation and cytokines in the tumor microenvironment. J Immunol Res (2014) 2014:149185. doi: 10.1155/2014/14918

145. Colotta, F, Allavena, P, Sica, A, Garlanda, C, and Mantovani, A. Cancer-related inflammation, the seventh hallmark of cancer: links to genetic instability. Carcinogenesis (2009) 30(7):1073–81. doi: 10.1093/carcin/bgp127

146. Grivennikov, SI, Greten, FR, and Karin, M. Immunity, inflammation, and cancer. Cell (2010) 140(6):883–99. doi: 10.1016/j.cell.2010.01.025

147. Giannoni, E, Parri, M, and Chiarugi, P. EMT and oxidative stress: a bidirectional interplay affecting tumor malignancy. Antioxid Redox Signal (2012) 16(11):1248–63. doi: 10.1089/ars.2011.4280

148. Xu, J, Lamouille, S, and Derynck, R. TGF-beta-induced epithelial to mesenchymal transition. Cell Res (2009) 19(2):156–72. doi: 10.1038/cr.2009.5

149. Gilles, C, Newgreen, D, Sato, H, and Thompson, E. Matrix Metalloproteases and Epithelial-to-Mesenchymal Transition: Implications for Carcinoma Metastasis. In: Madame Curie Bioscience Database. (Austin, TX: Landes Bioscience 2000-2013 (2013). Available at: https://www.ncbi.nlm.nih.gov/books/NBK6387.

150. Drake, JM, Strohbehn, G, Bair, TB, Moreland, JG, and Henry, MD. ZEB1 enhances transendothelial migration and represses the epithelial phenotype of prostate cancer cells. Mol Biol Cell (2009) 20(8):2207–17. doi: 10.1091/mbc.e08-10-1076

151. Bergeman, J, Caillier, A, Houle, F, Gagne, LM, and Huot, ME. Localized translation regulates cell adhesion and transendothelial migration. J Cell Sci (2016) 129(21):4105–17. doi: 10.1242/jcs.191320

152. Dominguez, C, David, JM, and Palena, C. Epithelial-mesenchymal transition and inflammation at the site of the primary tumor. Semin Cancer Biol (2017) 47:177–84. doi: 10.1016/j.semcancer.2017.08.002

153. Todoric, J, Antonucci, L, and Karin, M. Targeting Inflammation in Cancer Prevention and Therapy. Cancer Prev Res (Phila) (2016) 9(12):895–905. doi: 10.1158/1940-6207.CAPR-16-0209

154. Lim, SY, Yuzhalin, AE, Gordon-Weeks, AN, and Muschel, RJ. Targeting the CCL2-CCR2 signaling axis in cancer metastasis. Oncotarget (2016) 7(19):28697–710. doi: 10.18632/oncotarget.7376

155. Stone, RC, Pastar, I, Ojeh, N, Chen, V, Liu, S, Garzon, KI, et al. Epithelial-mesenchymal transition in tissue repair and fibrosis. Cell Tissue Res (2016) 365(3):495–506. doi: 10.1007/s00441-016-2464-0

156. Shaw, TJ, and Martin, P. Wound repair at a glance. J Cell Sci (2009) 122(Pt 18):3209–13. doi: 10.1242/jcs.031187

157. Gonzalez, AC, Costa, TF, Andrade, ZA, and Medrado, AR. Wound healing - A literature review. Bras Dermatol (2016) 91(5):614–20. doi: 10.1590/abd1806-4841.20164741

158. Guo, S, and Dipietro, LA. Factors affecting wound healing. J Dent Res (2010) 89(3):219–29. doi: 10.1177/0022034509359125

159. Mack, M. Inflammation and fibrosis. Matrix Biol (2018) 68-69:106–21. doi: 10.1016/j.matbio.2017.11.010

160. Darby, IA, Laverdet, B, Bonte, F, and Desmouliere, A. Fibroblasts and myofibroblasts in wound healing. Clin Cosmet Invest Dermatol (2014) 7:301–11. doi: 10.2147/CCID.S50046

161. Balkwill, F, Capasso, M, and Hagemann, T. The tumor microenvironment at a glance. J Cell Sci (2012) 125(Pt 23):5591–6. doi: 10.1242/jcs.116392

162. Tao, L, Huang, G, Song, H, Chen, Y, and Chen, L. Cancer associated fibroblasts: An essential role in the tumor microenvironment. Oncol Lett (2017) 14(3):2611–20. doi: 10.3892/ol.2017.6497

163. Fiori, ME, Di Franco, S, Villanova, L, Bianca, P, Stassi, G, and De Maria, R. Cancer-associated fibroblasts as abettors of tumor progression at the crossroads of EMT and therapy resistance. Mol Cancer (2019) 18(1):70. doi: 10.1186/s12943-019-0994-2

164. Tokunaga, R, Zhang, W, Naseem, M, Puccini, A, Berger, MD, Soni, S, et al. CXCL9, CXCL10, CXCL11/CXCR3 axis for immune activation - A target for novel cancer therapy. Cancer Treat Rev (2018) 63:40–7. doi: 10.1016/j.ctrv.2017.11.007

165. Weagel, E, Smith, C, Liu, PG, Robison, R, and O’Neill, K. Macrophage polarization and its role in cancer. J Clin Cell Immunol (2015) 6(4):1–8. doi: 10.4172/2155-9899.1000338

166. Giannelli, G, and Antonaci, S. Biological and clinical relevance of laminin-5 in cancer. Clin Exp Metastasis (2000) 18(6):439–43.

167. Clark, A, and Vignjevic, DM. Modes of cancer cell invasion and the role of the microenvironment. Curr Opin Cell Biol (2015) 36:13–22.

168. Wang, JP, and Hielscher, A. Fibronectin: how its aberrant expression in tumors may improve therapeutic targeting. J Cancer (2017) 8(4):674–82.

169. Lin, Y, Xu, J, and Lan, H. Tumor-associated macrophages in tumor metastasis: biological roles and clinical therapeutic applications. J Hematol Oncol (2019) 12(1):76. doi: 10.1186/s13045-019-0760-3

170. Jung, HY, Fattet, L, and Yang, J. Molecular pathways: linking tumor microenvironment to epithelial-mesenchymal transition in metastasis. Clin Cancer Res (2015) 21(5):962–8. doi: 10.1158/1078-0432.CCR-13-3173

171. Jechlinger, M, Sommer, A, Moriggl, R, Seither, P, Kraut, N, and Capodiecci, P. Autocrine PDGFR signaling promotes mammary cancer metastasis. J Clin Invest (2006) 116(6):1561–70. doi: 10.1172/JCI24652

172. Neri, S, Miyashita, T, Hashimoto, H, Suda, Y, Ishibashi, M, Kii, H, et al. Fibroblast-led cancer cell invasion is activated by epithelial-mesenchymal transition through platelet-derived growth factor BB secretion of lung adenocarcinoma. Cancer Lett (2017) 395:20–30. doi: 10.1016/j.canlet.2017.02.026

173. Lebrun, JJ. The Dual Role of TGF beta in Human Cancer: From Tumor Suppression to Cancer Metastasis. ISRN Mol Biol (2012) 2012:381428. doi: 10.5402/2012/381428

174. Simpson-Haidaris, PJ, and Rybarczyk, B. Tumors and fibrinogen. The role of fibrinogen as an extracellular matrix protein. Ann N Y Acad Sci (2001) 936:406–25. doi: 10.1111/j.1749-6632.2001.tb03525.x

175. Tulotta, C, and Ottewell, P. The role of IL-1B in breast cancer bone metastasis. Endocr Relat Cancer (2018) 25(7):R421–34. doi: 10.1530/ERC-17-0309

176. Masjedi, A, Hashemi, V, Hojjat-Farsangi, M, Ghalamfarsa, G, Azizi, G, Yousefi, M, et al. The significant roles of interleukin-6 and it’s signaling pathway in the immunopathogenesis and treatment of breast cancer. BioMed Pharmacother (2018) 108:1415–24. doi: 10.1016/j.biopha.2018.09.177

177. Suarez-Carmona, M, Lesage, J, Cataldo, D, and Gilles, C. EMT and inflammation: inseparable actors of cancer progression. Mol Oncol (2017) 11(7):805–23. doi: 10.1002/1878-0261.12095

178. Liu, T, Zhou, L, Li, D, Andl, T, and Zhang, Y. Cancer-Associated Fibroblasts Build and Secure the Tumor Microenvironment. Front Cell Dev Biol (2019) 7:60. doi: 10.3389/fcell.2019.00060

179. Song, W, Mazzieri, R, Yang, T, and Gobe, GC. Translational Significance for Tumor Metastasis of Tumor-Associated Macrophages and Epithelial-Mesenchymal Transition. Front Immunol (2017) 8:1106. doi: 10.3389/fimmu.2017.01106

180. Turner, CE, and Burridge, K. Transmembrane molecular assemblies in cell- extracellular matrix interactions. Curr Opin Cell Biol (1991) 5:849–53. doi: 10.1016/0955-0674(91)90059-8

181. Damsky, CH, and Werb, Z. Signal transduction by integrin receptors for extracellular matrix: cooperative processing of extracellular information. Curr Opin Cell Biol (1992) 5:772–81. doi: 10.1016/0955-0674(92)90100-q

182. Roy, F, DeBlois, C, and Doillon, CJ. Extracellular matrix analogs as carriers for growth factors: in vitro fibroblast behavior. J BioMed Mat Res (1993) 27:389–97. doi: 10.1002/jbm.820270312

183. Scott, JE. Extracellular matrix, supramolecular organization and shape. J Anat (1995) 187:259–69.

184. Yanagishita, M. Function of proteoglycans in the extracellular matrix. Acta Pathol Jpn (1993) 43:283–93. doi: 10.1111/j.1440-1827.1993.tb02569.x

185. McCarthy, J, and Turley, EA. Effects of extracellular matrix components on cell locomotion. Crit Rev Oral Biol Med (1993) 4:619–37. doi: 10.1177/10454411930040050101

186. Lippitz, BE, and Harris, RA. Cytokine patterns in cancer patients: A review of the correlation between interleukin 6 and prognosis. Oncoimmunology (2016) 5(5):e1093722. doi: 10.1080/2162402X.2015.1093722

187. Xu, J, Yin, Z, Cao, S, Gao, W, Liu, L, Yin, Y, et al. Systematic review and meta-analysis on the association between IL-1B polymorphisms and cancer risk. PloS One (2013) 8(5):e63654. doi: 10.1371/journal.pone.0063654

188. Zhang, L, Li, HY, Li, W, Shen, ZY, Wang, YD, Ji, SR, et al. An ELISA assay for quantifying monomeric C-reactive protein in plasma. Front Immunol (2018) 9:511. doi: 10.3389/fimmu.2018.00511

189. Potempa, LA, Rajab, IM, Hart, PC, Bordon, J, and Fernandez-Botran, R. Insights into the use of C-reactive protein as a diagnostic index of disease severity in COVID-19 infections. Am J Trop Med Hyg (2020) 103(2):561–63. doi: 10.4269/ajtmh.20-0473



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Hart, Rajab, Alebraheem and Potempa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 08 January 2021

doi: 10.3389/fimmu.2020.607166

[image: image2]


Pronounced Diurnal Pattern of Salivary C-Reactive Protein (CRP) With Modest Associations to Circulating CRP Levels


Jonas Wetterö 1†‡, Sarah von Löhneysen 2†‡, Flordelyn Cobar 3†, Margareta Kristenson 4†, Peter Garvin 5†‡ and Christopher Sjöwall 1*†


1 Division of Inflammation and Infection, Department of Biomedical and Clinical Sciences, Linköping University, Linköping, Sweden, 2 Faculty of Mathematics and Computer Science, University of Leipzig, Leipzig, Germany, 3 Division of Rheumatology, Department of Medicine Solna, Karolinska Institutet and Rheumatology, Karolinska University Hospital, Stockholm, Sweden, 4 Division of Society and Health, Department of Health, Medicine and Caring Sciences, Linköping University, Linköping, Sweden, 5 Research and Development Unit in Region Östergötland, Department of Health, Medicine and Caring Sciences, Linköping University, Linköping, Sweden




Edited by:
 Kenji Daigo, Nippon Medical School, Japan

Reviewed by:
 Jukka Meurman, University of Helsinki, Finland
 Peter Celec, Comenius University, Slovakia
 Ana María Gutiérrez, University of Murcia, Spain

*Correspondence:
 Christopher Sjöwall
 christopher.sjowall@liu.se

†ORCID:
 Jonas Wetterö
 orcid.org/0000-0002-6916-5490
 Sarah von Löhneysen
 orcid.org/0000-0003-4691-6447
 Flordelyn Cobar
 orcid.org/0000-0002-2580-8669
 Margareta Kristenson
 orcid.org/0000-0001-8141-2581
 Peter Garvin
 orcid.org/0000-0001-7429-0889
 Christopher Sjöwall
 orcid.org/0000-0003-0900-2048

‡These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology


Received: 16 September 2020

Accepted: 27 November 2020

Published: 08 January 2021

Citation:
Wetterö J, von Löhneysen S, Cobar F, Kristenson M, Garvin P and Sjöwall C (2021) Pronounced Diurnal Pattern of Salivary C-Reactive Protein (CRP) With Modest Associations to Circulating CRP Levels. Front. Immunol. 11:607166. doi: 10.3389/fimmu.2020.607166



C-reactive protein (CRP), a humoral component of the innate immune system with important functions in host-defense, is extensively used as a sensitive biomarker of systemic inflammation. During inflammation, hepatocyte-derived CRP rises dramatically in the blood due to increased interleukin-6 (IL-6) levels. Reliable detection of CRP in saliva, instead of blood, would offer advantages regarding sampling procedure and availability but using saliva as a diagnostic body fluid comes with challenges. The aims of this study were to evaluate associations between salivary CRP, total protein levels in saliva and serum CRP. Furthermore, we examined associations with plasma IL-6, body mass index (BMI), tobacco smoking and age. Salivary CRP was investigated by ELISA in 107 middle-aged participants from the general population. We employed spectrophotometric determination of total protein levels. Correlation analyses were used for associations of salivary CRP with serum CRP (turbidimetry), plasma IL-6 (Luminex®), BMI and smoking habits. Salivary median CRP was 68% higher (p=0.009), and total protein levels were 167% higher (p<0.0001), in morning compared to evening saliva. The correlation coefficients between serum and salivary CRP were low to moderate, but stronger for evening than morning saliva. Plasma IL-6 correlated significantly with serum CRP (rs=0.41, p<0.01), but not with morning or evening salivary CRP. Non-smokers showed 103% higher salivary CRP levels (p=0.015), whereas serum CRP was independent of smoking status. As opposed to CRP in serum, salivary CRP was not associated with BMI. Salivary CRP was 90% higher among the age interval 60–69 years compared to subjects aged 45–59 (p=0.02) while serum CRP levels did not differ between the age groups. In conclusion, CRP in saliva did not straightforwardly reflect serum concentrations. This raises questions regarding adequate reflection of biological events. The pronounced diurnal salivary CRP pattern accentuates the importance of standardizing the time-point of sampling.
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Introduction

The classical acute phase reactant C-reactive protein (CRP), originally described by Tillett & Francis in 1930, belongs to the pentraxin family and consists of five identical 23-kDa globular subunits (1, 2). CRP plays multiple important roles in innate immunity and host-defense. It binds to specific ligands like phosphorylcholine and activates the classical complement pathway through complement protein (C) 1q binding (3, 4).

Similarly to immunoglobulin G (IgG), CRP also has a binding site for Fc-γ receptors of phagocytic cells. However, in contrast to antibodies, ligand binding is less specific and does not require affinity maturation. Furthermore, the capacity of CRP to recognize nuclear components on the surface of apoptotic cells, and thereby to facilitate their clearance, could potentially act as a protector against autoimmunity (5). The pentameric structure of CRP is dependent upon the presence of calcium, although it can also be disrupted irreversibly into monomers under denaturing conditions, such as an acidic local microenvironment. Monomeric/modified CRP can be deposited in tissues, but the biological relevance of this remains unclear and warrants further investigation (5–8).

As a marker of acute inflammation, CRP has a short half-life of about 19 h in the circulation and declines rapidly after resolution of the acute phase response and it is widely used clinically to monitor infections, particularly those caused by bacteria, and inflammatory diseases, both acute infections and chronic conditions (5). In systemic lupus erythematosus, however, the circulating levels of CRP are generally low, despite inflammatory activity. Although some investigators have reported extrahepatic CRP production, human CRP is mainly synthesized by primary hepatocytes after stimulation through its main inducer interleukin (IL) 6, but impeded by interferon-α (9, 10). CRP has been thoroughly studied as a biomarker of future cardiovascular events (11, 12). Whether or not CRP plays a causal role in the development of atherosclerosis is debated (13).

The interest of mucosal immunity in general and the use of human salivary CRP as a diagnostic body fluid is increasing (14). Saliva contains a unique mixture of proteins, nucleic acids, electrolytes and hormones derived from systemic as well as local sources (15). Advantages of using saliva as a diagnostic tool are that the collection is non-invasive, relatively easy and rapid, safe, stress- and pain-free and cheap because sampling is possible without professionals (15–17). Yet there are also challenges in handling saliva. Biomarkers are often less concentrated in saliva than in serum, and therefore harder to detect by traditional analytic approaches, and their concentrations can be influenced by circadian cycles or especially sampling/processing methods (15). In addition, saliva collection can be performed either by a “passive” approach, meaning that the saliva is gathered in the mouth and then transferred into a sampling tube, or by an “active” mechanically stimulated approach. The latter stimulation of salivary flow is achieved by chewing on a solid object. It is also possible to use cotton swabs, which absorb the saliva, and then release saliva by centrifugation. Unstimulated saliva originates mainly from the submandibular gland whereas parotid saliva production increases intensively with stimulation (18). All of these sources of variation must be considered to evaluate the usefulness of saliva as a diagnostic fluid. Regarding CRP, an essential question is if salivary levels reflect the same biological events as the serum levels do. Different studies investigated the association between salivary and serum concentrations with inconsistent results (19–22). Some indications of a diurnal rhythm of salivary CRP with elevated levels in the morning have been reported (20, 23).

In the present study, we asked whether CRP levels vary similarly to the total protein levels in saliva, and if any substantial diurnal variation occurs. The general aim was thus to evaluate associations between salivary CRP, total protein levels in saliva and serum CRP in collected samples from middle-aged individuals of the general population. In addition, we examined associations between salivary CRP and body mass index (BMI), tobacco smoking and age.



Materials and Methods


Participants

In the present study, samples were obtained from 107 participants (61 men, 46 women; median age of 57, range 45–69 years) randomly selected from the Life conditions, Stress and Health Study (LSH) cohort at Linköping University, aimed at investigating the pathways that link psychosocial factors to cardiovascular diseases (24). The LSH cohort is almost ten times larger (n=1007) and includes individuals who were randomly chosen from the general population in the Region of Östergötland, Sweden. Participants in the LSH cohort provided saliva and blood samples and answered questionnaires regarding their socioeconomic, psychological and health status. Exclusion criteria were self-reported severe disease that hindered the possibility to participate, e.g. terminal cancer, severe dementia and psychiatric disorders. Participants with symptoms of infection were instructed to return for sampling after recovery (24).



Collection of Saliva

The saliva was sampled at home at three time-points over three consecutive days (d1, d2, d3) using Salivette® cotton swabs (Sarstedt AG & Co., Nümbrecht, Germany). For saliva collection, the swab was placed in the mouth and only chewed on if the salivation was low and participants felt discomfort or mouth dryness. The participants were instructed to take samples immediately after awakening (t1), 30 min after awakening (t2), and just before going to bed (t3) following their normal sleeping habits. The reported time for t1 was 6:30 (mean and median), range 04:23 to 11:00, for d1, d2 and d3 (standard deviation 57 min). For >75% of the study participants, samples were collected between 5:30 and 7:30. The reported time for t3 was 22:15 (mean and median), range 19:00 to 0:35 (standard deviation 65 min). For >75% of the study participants, samples were collected between 21:15 and 23:15. Participants were also told to avoid physical exercise, food intake and smoking 1 h prior to sampling. After collection, the samples were stored in a refrigerator until centrifugation. Thereafter, samples were frozen at –70°C until analysis (25). To standardize for any potential differences in viscosity of the saliva, the samples used herein were centrifuged at 1500g for 15 min after thawing, and aliquots were taken from the supernatants for upcoming analyses.



Serum C-Reactive Protein and Plasma IL-6

All blood samples were obtained at primary health care centers between 6.30 and 9.00 AM (typically between 7:30 and 8:00 AM) in a fasting state of the first day of the week following the saliva-sampling period (nota bene salivary CRP was measured in the samples from d3). Aliquots of sera were stored at –70°C until analysis (24, 25). CRP levels were detected in serum utilizing a highly sensitive latex-enhanced turbidimetric immunoassay (Roche Diagnostics GmbH, Vienna, Austria) with a lower detection limit of 0.03 mg/L, the coefficient of variance (CV) was 1.7% and the detection rate of 100% (26).

Levels of IL-6 were determined in ethylenediaminetetraacetic acid (EDTA)-plasma with an ultra-sensitive bead kit technology (Invitrogen Co., Carlsbad, CA, USA) on a Luminex® 100TM system (Austin, TX, USA). The lower detection limits were set at 1.68 pg/ml for IL-6. The proportion of samples with levels above this limit was 40% for IL-6. The CV was 7.0% for IL-6.



Body Mass Index and Tobacco Smoking

The participants’ BMI were calculated based on weight in kilograms divided by the square of their height in meters (median BMI 23.3, range 18.7–39.5). The division of tobacco smokers (17.3%) and non-smokers (82.7%) was based on self-reported data from the questionnaires. Participants smoking ≥1 cigarette per day were considered as “current smoker”. All participants reporting ‘never smoked’ or “quit smoking” were categorized as “non-smokers”.



Salivary C-Reactive Protein Assay

CRP in saliva was measured in morning (t1) and evening (t3) samples of the third sampling day (d3) using Salimetrics’ salivary CRP ELISA kit (State College, PA, USA) according to the manufacturer’s instruction. The optical density was read on a Sunrise™ microplate reader (Tecan, Männedorf, Switzerland) at 450 nm (reference wavelength 630 nm) and measurement data were processed using Magellan™ software V.7.1 (Tecan). All samples were analyzed in duplicates as a pilot study in samples from healthy donors that had been spiked with CRP isolated from human plasma (Sigma-Aldrich Co., St. Louis, MO, USA) showed this to be sufficiently reliable when we tested for intra-assay precision. Further, the impact of thawing-freezing cycles of the samples was investigated and CRP levels were observed to be largely stable for at least four times of thawing. For the measurements, the saliva samples were diluted 1:10 in dilution buffer (supplied with the kit). If CRP levels above the higher detection limit (=3 ng/ml) occurred, higher dilution factors were assessed. The within assay CV was 5.4% and the between assay CV 11.4%.



Total Protein Measurements

Total protein was quantified in morning (t1) and evening (t3) saliva of two sampling days (d1 and d3), giving four values for each participant. Concentrations were obtained by measuring the absorbance at 280 nm with a Nanodrop® ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) using the Nanodrop® ND-1000 software V.3.8.1. A general reference setting was utilized based on the assumption that a 0.1% (1 mg/ml) protein solution produces an absorbance of 1.0 AU (Absorbance Unit) at 280 nm. Amino acids with aromatic rings are the primary reason for the absorbance peak at 280 nm. All samples were analyzed undiluted in duplicates (CV=1.2%).



Statistics

Analyses were performed using SPSS® v.20 (IBM Co., Armonk, NY, USA) and figures made in GraphPad Prism 5.03 (GraphPad Software, La Jolla, CA, USA) or in R statistical software, version 3.5.1 (Vienna, Austria). P-values <0.05 were considered statistically significant. IL-6 and salivary CRP levels below the lower detection limit were given half the limit’s value. To investigate the influence of sex and age on CRP, Mann-Whitney U ranking analysis was employed. Regarding age, participants <60 years of age (n=65) were compared to those ≥60 years (n=42). Correlations between salivary morning/evening CRP, total protein levels, serum CRP, BMI and plasma IL-6 were investigated by Spearman (rs). Bland–Altman graphs were used to illustrate and analyze the level of agreement between CRP in saliva and serum. Diurnal variations of CRP, total protein and CRP-percentages of total protein, respectively, were investigated by Wilcoxon. To evaluate if the differences between morning and evening values were the same for high and low CRP levels and ratios, the participants were grouped into two classes by morning salivary CRP (≤1.3 ng/ml; >1.3 ng/ml). To examine if high CRP levels (>median) coincide with high levels of BMI and IL-6 and if smokers had elevated CRP levels, we used Mann-Whitney U test. For this analysis, the daily mean salivary CRP concentration was employed. To evaluate the performance of salivary CRP to identify (biomarker-defined) “systemic inflammation”, the 90th percentile of serum CRP values among the 107 participants was used to define a cut-off. Sensitivity (proportion of samples correctly identified with systemic inflammation), specificity (proportion of samples correctly identified without systemic inflammation) and accuracy (proportion of correctly classified samples) were calculated, including 95% confidence intervals (CI) using the Wilson score method.




Results


C-Reactive Protein Concentrations in Saliva and Serum

Salivary morning CRP levels ranged from 0.97 to 1674.20 ng/ml with median and interquartile range (IQR) 2.44 (0.50–10.80) ng/ml. Salivary evening CRP ranged <0.97–223.9, median (IQR) 1.45 (1.05–2.72) ng/ml (Table 1). The detectability rate for 1:10 diluted saliva samples was 77%. Twelve outliers of morning and eight of evening CRP samples were identified exceeding four times the respective IQR. Five participants where outliers regarding both morning, evening and serum CRP. The high levels of CRP in saliva were not due to visible blood contamination in these individuals. To avoid confounding contributions from blood in saliva, visibly blood contaminated samples were excluded from further statistical analyses, although their CRP values were within the normal range (0.5–9.42 ng/ml). Serum CRP concentrations ranged from 0.03 to 30.43 mg/L with median IQR 0.90 (0.34–2.43 mg/L) (Table 1). No statistically significant differences were seen between men and women for any of the measures; salivary morning, evening or serum CRP concentrations. Participants aged 60–69 years had significantly higher salivary CRP levels than those aged 45–59 years (p=0.02, n=102; IQR=3.28 ng/ml (1.33–13.49) and 1.73 ng/ml (0.79–5.46), Figure 1A), but no significant difference in serum CRP was observed (Figure 1B) and neither between men and women.


Table 1 | Descriptive statistics for C-reactive protein (CRP) levels in saliva and serum (levels below the detection limit were given the value 0.5 ng/mL; morning, n=27, and evening, n=19).






Figure 1 | C-reactive protein (CRP) in (A) saliva samples (n=102, shown are mean values of measurements in morning and evening saliva), and (B) sera (n=96). Participants were grouped into two age classes (45–59 years and 60–69 years, respectively) and compared using Mann-Whitney U test. Box plots reflect the interquartile range (IQR) with the median shown as a line and the 5th–95th percentiles as bars (* p<0.05). Spectrophotometric measurement of salivary total protein levels in morning and evening samples of the first (d1) and third day (d3) of sampling. (C) Differences in morning and evening levels of the same day were identified by Wilcoxon tests. Box plots reflect the IQR with the median shown as a line and the 5th–95th percentiles as bars (** p<0.01). (D) The four related total protein levels shown for each participant.





Diurnal Variation of Salivary C-Reactive Protein and Total Protein

Total protein levels ranged from 1.46 to 37.76 mg/ml with a mean [standard deviation (SD)] of 6.92 (5.17) mg/ml. Levels at all four sampling occasions (d1: morning and evening, d3: morning and evening) correlated significantly (rs=0.37–0.78; p<0.01). Strongest correlations were found for the two morning (rs=0.61, p<0.001) and the two evening measurements (rs=0.78, p<0.001) (Table 2). A significant decrease of the total protein levels toward the evening was observed for both days of sampling (d1: p<0.001, n=87; d3: p<0.001, n=101) (Figures 1C, D). IQRs were 6.20 (4.20–9.55) mg/ml (morning) and 2.97 (2.42–3.89) mg/ml (evening) for d1 and 8.10 (5.42–12.25) mg/ml (morning) and 3.10 (2.53–9.55) mg/ml (evening) for d3. An additional test performed on morning and evening samples from 5 individuals (laboratory personnel) confirmed these findings (data not shown).The correlation between salivary morning and evening CRP levels was strong (rs=0.64, p<0.001) and, as illustrated in Figure 2, the Bland–Altman graph revealed a fair level of agreement (p=0.48). Higher CRP levels in mornings compared to evenings were found (p=0.009, n=100) (Figures 3A, C), but this difference disappeared after adjustment for total protein (p=0.59, n=100) (Figures 3B, D).


Table 2 | Spearman (rs) correlations between total protein measures originated from morning and evening saliva collected at day 1 (d1) and day 3 (d3) of the sampling period.






Figure 2 | A Bland–Altman graph illustrating the level of agreement between salivary morning and evening C-reactive protein (CRP) levels based on analysis of 100 participants. The level of agreement suggested interchangeability (p=0.48).






Figure 3 | C-reactive protein (CRP) levels in morning and evening saliva samples. Displayed are absolute CRP levels (A) and CRP levels relative to the total protein concentrations (B). Related morning and evening absolute CRP concentrations (C) and percentages (D) are shown for each participant. Morning CRP levels were classified as low (≤1.3 ng/ml) and high (>1.3 ng/ml) concentrations, respectively, and each group was compared to the related evening values. Given are the results for absolute CRP (E) and CRP percentages of total protein (F). Differences in morning and evening levels of the same day were identified by Wilcoxon tests. Box plots reflect the IQR with the median shown as a line and the 5th–95th percentiles as bars. Significant differences are highlighted by ** p<0.01 (n.s., not significant).



To specifically investigate the diurnal patterns, the morning samples were stratified into two groups: low (≤1.3 ng/ml) and high (>1.3 ng/ml) CRP levels. In the CRPhigh subgroup, morning levels were significantly higher regardless when absolute CRP or CRP/total protein percentage were compared with the corresponding evening samples (both p<0.01, n=63). IQRs were 7.67 (2.62–28.19) ng/ml (morning) and 1.90 (1.34–4.27) ng/ml (evening) or 8.89×10-5 (3.56×10-5–19.80×10-5) % (morning) and 6.95×10-5 (4.49×10-5–10.64×10-5) % (evening). On the contrary, the CRPlow subgroup showed significantly lower absolute CRP levels and CRP percentages in the morning, than in the evening (p<0.01, n=37) (Figures 3E, F). The IQRs were 0.50 (0.50–0.74) ng/ml (morning) and 1.05 (0.50–1.37) ng/ml (evening) or 0.68×10-5 (0.57×10-5–1.50×10-5) % (morning) and 3.07×10-5 (1.60×10-5–4.74×10-5) % (evening).

To further evaluate the impact of time in relation to saliva collection, a post hoc analysis was performed. We assessed any potential correlation between actual time-point of sampling and CRP in morning as well as evening saliva. None of these analyses reached statistical significance.



Associations Between Salivary C-Reactive Protein With Serum C-Reactive Protein

Based on mean values of morning and evening saliva divided by serum CRP, the achieved saliva-to-serum concentration ratio reached 1:1084. We found low correlation between salivary evening CRP and serum CRP (rs=0.27, p<0.01), but the level of agreement was poor (p=0.0045). As opposed to evening salivary CRP, morning CRP levels were not significantly correlated with serum CRP and the level of agreement was mediocre (Figure 4A). In the 60–69 year age interval, the level of agreement was best and both morning (p=0.26) and evening (p=0.94) salivary CRP could be used interchangeably with serum CRP (Figures 4B–F).




Figure 4 | Bland–Altman graphs showing the level of agreement between serum C-reactive protein (CRP) and CRP in morning saliva for all participants (A), those aged 45–59 (B) and those aged 60–69 years (C). Bland–Altman graphs reflecting the level of agreement between serum CRP and CRP in evening saliva for all participants (D), those aged 45–59 (E) and those aged 60–69 years (F). Data are based on analysis of 99 morning and 97 evening samples. Interchangeability was only suggested among participants aged 60–69 years for morning (p=0.26) as well as evening (p=0.94) saliva.



We further explored the strength of correlation below and above a clinically relevant serum CRP cut-off at ≥3 mg/L (11). Salivary evening CRP showed stronger correlation with serum CRP for high serum values (rs=0.54, p<0.05) than for low (rs=0.28, p<0.01), whereas this classification did not affect correlations between salivary morning CRP and serum CRP (Table 3). When high salivary CRP values (>10 ng/ml) were excluded, the correlation between salivary morning CRP and serum CRP reached statistical significance (rs=0.24, p<0.05).


Table 3 | Correlations between serum C-reactive protein (CRP), salivary CRP, and salivary CRP/total protein ratio calculated by Spearman’s (rs).





Associations Between Salivary/Serum C-Reactive Protein and Plasma IL-6

Detectable IL-6 values ranged from 1.77 to 22.93 pg/ml and median IQR for all samples was 0.56 (0.56–2.85). As excepted, participants with high serum CRP (>median) had significantly higher IL-6 levels (p=0.03) than those with lower serum CRP concentrations (≤median). For all available samples (n=97), IL-6 levels correlated with serum CRP (rs=0.41, p<0.01); however, when samples with IL-6 below detection limit were excluded the significance did not remain (Table 4). Using median split of daily mean salivary CRP values, we found no difference in IL-6 levels (p=0.30, n=98). These results remained essentially constant when testing separately for morning and evening saliva values (data not shown). In concordance, neither morning nor evening salivary CRP did correlate significantly with IL-6 levels (Table 4).


Table 4 | Spearman (rs) correlations between serum C-reactive protein (CRP), salivary CRP, BMI and plasma IL-6. 





Associations Between C-Reactive Protein, Body Mass Index and Tobacco Smoking

We found no significant difference in BMI levels between participants with low salivary and high salivary CRP (p=0.59, n=99). Higher BMI levels were found among participants with high serum CRP (>median), whereas those with low serum CRP concentrations (≤median) had lower BMI levels (p=0.01, n=96). CRP in serum correlated with BMI (rs=0.43, p<0.01), whereas morning and evening salivary CRP values showed no significant correlations with BMI (Table 4). Regarding tobacco smoking, non-smokers had significantly higher daily mean salivary CRP levels than smokers did (p=0.015, n=98; IQR=2.30 (1.11–7.74) and 1.13 (0.5–3.71) ng/ml, respectively). As compared to smokers, non-smokers showed borderline significant higher CRP using morning (p=0.08) and evening (p=0.05) saliva. In contrast, serum CRP levels were found to be independent of smoking (p=0.27).



Specificity and Sensitivity of Salivary C-Reactive Protein to Identify Elevated Serum C-Reactive Protein

By using the 90th percentile of serum CRP values among the 107 participants, a cut-off of 5.0 mg/L was achieved and used to define “systemic inflammation” based on laboratory findings. As demonstrated in Table 5, the specificity of both morning and evening saliva to detect individuals with biomarker-defined systemic inflammation was decent. However, the sensitivity was poor, particularly regarding morning saliva.


Table 5 | Performance of salivary morning and evening C-reactive protein (CRP) to identify “systemic inflammation”, defined by the 90th percentile of serum CRP values.






Discussion

In the present study, we analyzed CRP and total protein in saliva from middle-aged individuals of the general population. A striking finding was the noticeable diurnal variation in salivary CRP and total protein with higher levels in mornings compared to evenings. Another observation was the considerable range of CRP in saliva and dilution factors had to be applied for some samples. These high levels of CRP were not be explained by visible blood contaminations, but might be due to acute local or systemic inflammatory processes. The observed similarity of CRP levels in saliva of men and women is in accordance with previous observations in serum (27) and saliva (23). Further, associations between aging and elevated CRP levels in serum have been reported in several studies (28) whereas such connection was not found in saliva (19, 21). In contrast, however, we found a dependency of age also in saliva as the 60–69 year old participants had significantly higher salivary CRP levels as compared to the 45–59 year old group.

The finding of diurnal variation in salivary CRP is in line with earlier studies, which suggested a similar pattern and, importantly, used comparable sampling times at awaking and bedtime (20, 23). It has been reported that serum levels of CRP are also affected by diurnal variations with a peak at 3pm and slightly higher levels in the morning than in the evening (27). In contrast, some smaller studies indicate that serum levels do not vary during the day (29, 30). We found a similar diurnal pattern for the salivary total protein concentrations, with a clear decrease toward the evening. Again, this is concordant to another study with similar sampling time points (23) whereas studies with later morning sampling hours and fewer participants reported stable, or even rising, total protein concentrations over the day (31, 32).

Adjustment for total protein concentrations affected the diurnal pattern of salivary CRP. As both variables decreased toward the evening, the ratio was not significantly different over the day when all samples were considered. However, the cut-off at 1.3 ng/ml of morning CRP, the ratio was decreasing toward the evening and contrariwise rising below this cut-off. As the low salivary CRP levels could be considered as baseline levels present in all healthy subjects, the differences in the low CRP subgroup could probably be regarded as a normal fluctuation. The low CRP subgroup contained mainly subjects with levels below the detection limit in the morning where a decrease toward the evening was not observed. It seems unlikely that the fall within the high CRP subgroup is only generated by higher dilution of saliva in the evening as there was still a decrease after correction for total protein. Furthermore, contrasting daily patterns for other salivary proteins such as α-amylase have been reported (33). Interestingly, the same authors showed that α-amylase also decreased strongly in the first 30 min after awaking and then started to rise over the day with the highest values in the evening.

To settle a standardized protocol of saliva sampling, the collection method is of utmost importance. Mechanical stimulation achieves higher flow rates than the passive drooling (34) and can be more comfortable for the donor. It seems that CRP and total protein levels do not differ between these two different collection methods or the use of salivettes (34, 35). It should be noticed that the sampling method used in this study is somewhat in between passive collection and mechanical stimulation as the sampling was performed using cotton swabs. Only in cases of too low flow rate, the participants were chewing on the swab and thus stimulating salivation. Taken together it seems beneficial to use salivettes, but not entirely necessary. Our results accentuate the need to standardize a sampling protocol and especially the sampling time point.

The CRP saliva-to-serum concentration ratio of the present study is in fairly agreement with that of a previous study, 1:1,084 versus 1:1,663 (19). Positive correlation between salivary and serum CRP have initially been reported in animal studies, such as in pigs (36). Since then several studies in healthy and diseased individuals investigated this association in humans with diverging results. One group reported no significant correlation between CRP in serum and saliva in healthy donors, although there was a trend toward it among a subgroup with high CRP levels (22). Opposed to them, other studies indicated moderate to strong correlations in healthy donors and in women exposed to intimate partner violence (19, 20), and further correlation was found in patients with ischemic heart disease (21). Our results present a low to moderate correlation between serum and salivary evening CRP, but stronger when stratifying for high serum CRP. Morning CRP did only show significant correlation when individuals with high salivary CRP levels (>10 ng/ml) were excluded. Very high salivary CRP morning levels could be due to such an acute phase reaction, already having started to decrease at the time of serum collection, and vice versa. Low levels of salivary CRP has been shown to predict low plasma levels more accurately than high salivary levels predicted high serum concentrations (20). Based on our data, we conclude that serum and salivary CRP levels do correlate but to a lower extent than previously reported. Only in subjects of the 60–69 year age interval, the statistical analyses suggested interchangeability between serum and saliva CRP.

Smoking, BMI and plasma IL-6 are known to be associated with systemic inflammation. Earlier, such correlations were reported also for salivary CRP and those variables (19). A study of women exposed to intimate partner violence could confirm the results for BMI, but not for smoking (21), contrasting our results without significant association between salivary CRP and BMI. The higher salivary CRP levels among non-smokers was unexpected and warrants further investigation. Nevertheless, anti-inflammatory properties of nicotine have been documented in obesity and nicotine-mediated modulation of hypothalamic-pituitary-adrenal axis activity was suggested as a potential mechanism (37, 38).

An essential issue when considering salivary CRP as a biomarker is to understand where it’s produced and/or the route of CRP entry to saliva – a question that has not been fully elucidated. Because of its high molecular weight and relative insolubility in lipids, it seems unlikely that CRP enters by diffusion or ultrafiltration through the tight junctions of the cells from the circulation (15, 16). The entry via the gingival crevicular fluid (GCF), a liquid found in the gingival sulcus between free gingival and the tooth is one possibility. CRP in GCF has been reported to be of systemic origin (39). The presence of CRP in GCF could be a result of systemic inflammation induced by periodontitis or disease elsewhere in the body. Salivary CRP levels may be elevated in patients with periodontal diseases (40), which emphasizes the need to consider oral health in following studies. Although the main origin of CRP is the liver, there have also been signs of CRP production by the salivary glands as indicated by elevated mRNA levels (41). The correlation of salivary CRP with detectable circulating IL-6, however, is another indication for derivation from the liver. It could be that by some unknown mechanism CRP is attracted to local oral sites of inflammation without affecting the systemic CRP concentrations.

The study has some limitations that should be mentioned. We acknowledge the lack of data on oral health status and salivation rate, which both might have biased the results and should be considered as limitations. Furthermore, sera were generally collected 3 to 4 days after the saliva used for CRP determination (d3). It cannot be excluded that this procedure could have affected the results. Finally, the definition of “systemic inflammation” was based on serum CRP levels only (no physical examination of the participants was performed). However, all individuals with symptoms of infection or severe disease had already been excluded (24).

To summarize, we observed evident diurnal variation of salivary CRP and total protein with higher levels at awaking time in the mornings compared to evenings. This highlights the need to standardize collecting times before introduction in clinical routine. The correlation between saliva and serum was low to moderate; stronger in the subgroup of serum CRP >3 mg/L, but interchangeability was suggested only among older participants. We found no clear impact of sex, but higher age and non-smoking were associated with increased levels of salivary CRP. The sensitivity of salivary CRP to detect individuals with elevated serum CRP was not impressive. In contrast to serum CRP, salivary CRP did not correlate with BMI or plasma IL-6. Further investigations are needed to clarify the relevance and suitability of CRP (and possibly other pentraxins) as salivary biomarkers before reliable introduction in clinical routine is possible.
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C-reactive protein (CRP) is a component of innate immunity. The concentration of CRP in serum increases in microbial infections including Streptococcus pneumoniae infection. Employing a mouse model of pneumococcal infection, it has been shown that passively administered human wild-type CRP protects mice against infection, provided that CRP is injected into mice within two hours of administering pneumococci. Engineered CRP (E-CRP) molecules have been reported recently; unlike wild-type CRP, passively administered E-CRP protected mice against infection even when E-CRP was injected into mice after twelve hours of administering pneumococci. The current study was aimed at comparing the protective capacity of E-CRP with that of an antibiotic clarithromycin. We established a mouse model of pneumococcal infection in which both E-CRP and clarithromycin, when used alone, provided minimal but equal protection against infection. In this model, the combination of E-CRP and clarithromycin drastically reduced bacteremia and increased survival of mice when compared to the protective effects of either E-CRP or clarithromycin alone. E-CRP was more effective in reducing bacteremia in mice treated with clarithromycin than in untreated mice. Also, there was 90% reduction in antibiotic dosing by including E-CRP in the antibiotic-treatment for maximal protection of infected mice. These findings provide an example of cooperation between the innate immune system and molecules that prevent multiplication of bacteria, and that should be exploited to develop novel combination therapies for infections against multidrug-resistant pneumococci. The reduction in antibiotic dosing by including E-CRP in the combination therapy might also resolve the problem of developing antibiotic resistance.
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Introduction

C-reactive protein (CRP) is a critical host defense molecule of the innate immune system (1, 2). CRP binds to cells and molecules, host or foreign, which have accessible phosphocholine (PCh) moieties (3, 4). One example of CRP-ligands is pneumococcal C-polysaccharide found on the surface of Streptococcus pneumoniae (5). Once bound to a PCh-bearing ligand, CRP activates the complement system in both human and murine sera to damage and, if possible, eliminate the ligand (6–9). Experiments employing human CRP transgenic mice, CRP-deficient mice, and normal mice in which human wild-type CRP (WT CRP) was passively administered have all revealed that CRP is protective against pneumococcal infection (2, 10–15). It has also been shown that the anti-pneumococcal activity of CRP in vivo is due to the ability of ligand-complexed CRP to activate the complement system (9, 16–18). However, WT CRP was found to be protective only when given to mice within 2 h of administering pneumococci in the mouse model of infection in which WT CRP is passively administered (16).

CRP is a pentameric molecule comprised of five identical subunits (19, 20). Recently, two types of engineered pentameric CRP (E-CRP), E-CRP-1, and E-CRP-2, generated by oligonucleotide-directed site-specific mutagenesis of WT CRP cDNA, have been reported (21). In E-CRP-1, four amino acid residues were mutated (E42Q/F66A/T76Y/E81A). In E-CRP-2, two amino acid residues were mutated (Y40F/E42Q). Tyr40 and Glu42 are present in the intrinsically disordered region of CRP. Glu42 is also a part of the inter-subunit contact region. Phe66, Thr76 and Glu81 form the PCh-binding site of CRP (19, 20). E-CRP-1 does not bind to PCh while E-CRP-2, like WT CRP, binds to PCh. Both E-CRP-1 and E-CRP-2 bind to complement inhibitor factor H recruited by pneumococci on their surface in mouse circulation; WT CRP does not bind to immobilized factor H (22–25). Unlike passively administered WT CRP, both E-CRP-1 and E-CRP-2 protected mice against infection even when E-CRP was administered 12 h after administering pneumococci, indicating that a conformationally altered form of CRP that can bind to immobilized factor H is required for CRP-mediated protection of mice against late-stage pneumococcal infection (1, 21). Accordingly, it was hypothesized that in individuals in whom the conformation of CRP remains unchanged, perhaps due to inappropriate inflammatory conditions around CRP, CRP is not fully functional during infection (21). It was proposed that the use of E-CRP might be beneficial for treatment of infections against antibiotic-resistant pneumococci (21).

Antibiotics are commonly used to treat pneumococcal infection in humans (26). The aim of this study was to directly compare the protective effects (increase in survival and decrease in bacteremia) of E-CRP and antibiotics. Since the antibiotic clarithromycin has been used previously in mouse models of pneumococcal infection and was found to be protective when administered into mice later during the infection (27), clarithromycin was selected for the current study. Both E-CRP-1 and E-CRP-2 were included in the study to compare the protective effects with that of clarithromycin. A mouse model of pneumococcal infection was employed in which E-CRP-1, E-CRP-2, and clarithromycin, when used singly, provided minimal but equal protection against infection. This model was suitable to investigate the protection against infection when E-CRP-1 or E-CRP-2 and clarithromycin were combined for the treatment of mice. The results of the experiments indicate that E-CRP is more effective in reducing bacteremia in mice when used in the presence of clarithromycin.



Materials and Methods


Preparation of CRP

The cDNAs for E-CRP-1 (E42Q/F66A/T76Y/E81A mutant CRP) and E-CRP-2 (Y40F/E42Q mutant CRP) were constructed and expressed in CHO cells using the ExpiCHO Expression System (Thermo Fisher Scientific), as described earlier (21). Purification of E-CRP-1 from cell culture supernatants involved Ca2+-dependent affinity chromatography on a phosphoethanolamine-conjugated Sepharose column, followed by ion-exchange chromatography on a MonoQ column and gel filtration on a Superose12 column, as described earlier (14). E-CRP-2 was purified by Ca2+-dependent affinity chromatography on a PCh-conjugated Sepharose column, followed by ion-exchange chromatography on a MonoQ column and gel filtration on a Superose12 column, as described earlier (8). Native WT CRP was purified from discarded human pleural fluid by Ca2+-dependent affinity chromatography on a PCh-conjugated Sepharose column, followed by ion-exchange chromatography on a MonoQ column and gel filtration on a Superose12 column, as described earlier (8), and was used throughout this study. Purified CRP was dialyzed against 10 mM Tris-HCl, pH 7.2, containing 150 mM NaCl and 2 mM CaCl2, and was subsequently treated with Detoxi-Gel Endotoxin Removing Gel (Thermo Fisher Scientific) according to manufacturer’s instructions. The concentration of endotoxin in CRP preparations was determined by using the Limulus Amebocyte Lysate kit QCL-1000 (Lonza). Purified CRP was stored at 4°C and used within a week for mouse protection experiments.



Pneumococci

Streptococcus pneumoniae type 3, strain WU2, was obtained as a gift from Dr. David Briles (University of Alabama at Birmingham, Birmingham, AL, USA). Pneumococci were made virulent by sequential i.v. passages in mice and were stored in aliquots at −80°C, as described previously (14, 15). For each experiment, a separate aliquot of pneumococci was thawed and cultured, as described previously (14, 15). Cultured pneumococci were resuspended in normal saline at a concentration of 3.5 × 108 cfu/ml based on the absorbance of the resuspension at 600 nm (A600 = 1.00 = 1.2 × 109 cfu/ml). Within 2 h, 100 µl (3.5 × 107 cfu) of pneumococci suspension was injected into each mouse, as reported previously (14, 15, 21). The concentration of pneumococci was confirmed next day by plating on sheep blood agar plates.



Mice

Male C57BL/6J mice (Jackson Laboratories) were brought up and maintained according to protocols approved by the University Committee on Animal Care. Mice were 8–10 weeks old when used in experiments.



Determination of the Experimental Dose of Clarithromycin

The antibiotic clarithromycin (Santa Cruz Biotechnology, sc-205634) was reconstituted in acetone at a concentration of 50 mg/ml and stored at 4°C for a maximum of 5 days. To determine the experimental dose for in vivo experiments, clarithromycin (50 mg/ml) was diluted in acetone at 40, 4.0, 0.4 and 0.04 mg/ml, and 50 µl of each concentration was injected i.v. into mouse, four times, at 12, 36, 60 and 84 h after the administration of pneumococci. Thus, the final amount of clarithromycin in each group of mice was 2, 0.2, 0.02 and 0.002 mg per mouse per injection. As shown in Figure 1, it was clear that a dose of 0.02 mg clarithromycin per mouse per injection was most suitable to evaluate the effects of the combination of clarithromycin and E-CRP on the protection of mice against infection. The dose of 0.02 mg of clarithromycin resulted in a survival curve which fell in the middle so that a shift of the curve, either above or below, could be observed when E-CRP is added.




Figure 1 | Survival of mice infected with pneumococci and treated with different doses of clarithromycin. Clarithromycin was injected four times, at 12, 36, 60 and 84 h, after the administration of pneumococci. Six mice were used for each dose of clarithromycin.





Mouse Protection Experiments

Two separate protection experiments were performed using 25 μg of purified WT CRP, E-CRP-1 and E-CRP-2, and 3.5 × 107 cfu of pneumococci, as described earlier (14, 15, 21). The average amount of endotoxin in 25 μg of all CRP preparations was 1.2±1.1 endotoxin units. Mice were first injected i.v. with 3.5 × 107 cfu of pneumococci. The actual number of pneumococci injected, based on the plating results obtained on the next day, was 3.55 ± 0.44 × 107 cfu. Mice were injected i.v. with either WT CRP, E-CRP-1 or E-CRP-2, 12 h after the administration of pneumococci. Since clarithromycin is soluble in nornal saline at 0.2 mg/ml, stock clarithromycin (50 mg/ml in acetone) was diluted in normal saline to a final concentration of 0.2 mg/ml, and 100 µl was injected i.v. per mouse at 13, 36, 60 and 84 h after the administration of pneumococci, to achieve a final dose of 0.02 mg of clarithromycin per mouse per injection. Survival of mice was recorded three times per day for 7 days. To determine bacteremia (cfu/ml) in the surviving mice, blood was collected daily for 5 days from the tip of the tail vein, diluted in normal saline, and plated on sheep blood agar for colony counting. The bacteremia value for dead mice was recorded as 109 cfu/ml because mice died when the bacteremia exceeded 108 cfu/ml.



Statistical Analysis

Survival curves were generated using the GraphPad Prism 4 software. To determine p-values for the differences in the survival curves among various groups, the survival curves were compared using the software’s Logrank (Mantel-Cox) test. The scatter plots of the bacteremia data and the median bacteremia value for each group were generated using the GraphPad Prism 4 software. Bacteremia values of 0–100 were plotted as 100 and bacteremia values of >108 were plotted as 109. To determine p-values for the differences in bacteremia among various groups at each time point, scatter plots were compared using the software’s Mann-Whitney test. The software’s Mann-Whitney test included all the dots in the scatter plots and not just the median values for each time point.




Results


Anti-Pneumococcal Effects of E-CRP-1, Clarithromycin, and Their Combination

As shown in Figure 2, and as reported previously (21), E-CRP-1 increased significantly the median survival time (MST, the time taken for the death of 50% of mice) of mice infected with pneumococci. The MST for mice injected with bacteria alone (group A) was 60 h while the MST for mice injected with E-CRP-1 (group B) was 84 h. Similarly, clarithromycin also significantly increased the survival of mice infected with pneumococci; the MST for mice treated with clarithromycin (group C) was 96 h. The increase in the MST for mice treated with either E-CRP-1 or clarithromycin were not significantly different from each other. In this mouse model of pneumococcal infection, it has been reported previously that WT CRP does not increase the MST if mice received WT CRP 12 h after receiving pneumococci (21). The protection in response to the combination of WT CRP and clarithromycin (group D) was similar to that of clarithromycin alone. The MST for mice treated with the combination of WT CRP and clarithromycin was 84 h similar to the MST for mice treated with clarithromycin alone (group C). In contrast to WT CRP, the combination of E-CRP-1 and clarithromycin significantly increased the survival of infected mice (group E). The MST for mice treated with both E-CRP-1 and clarithromycin was significantly different than the MST for mice treated with either agent alone. The MST for mice treated with E-CRP-1 and clarithromycin could not be calculated since ~90% of mice survived till the end of the experiment. In all other groups, >75% mice died within 5 days. The combination of E-CRP-1 and 0.02 mg clarithromycin provided the same protection (Figure 2) in terms of survival of mice as was seen with 0.2 mg of clarithromycin when used alone (Figure 1). Thus, there was 90% reduction in the dose of clarithromycin when used in combination with E-CRP-1.




Figure 2 | Survival of mice infected with pneumococci and treated with E-CRP-1 and clarithromycin. E-CRP-1 or WT CRP was injected 12 h after administering pneumococci and is indicated by an arrow on the x-axis. Clarithromycin (0.02 mg) was injected four times, at 13, 36, 60 and 84 h, after the administration of pneumococci. The data are combined from two separate experiments with six to eight mice in each group in each experiment. The p-values for the differences in the survival curves between groups A B and A C were 0.004 and 0.006, respectively. The p-value for the difference in the survival curves between groups B and C was 0.94. The p-values for the differences in the survival curves between groups C D and C E were 0.23 and <0.001, respectively. The p-values for the differences in the survival curves between groups B E and D E were <0.001.



The protective effects of E-CRP-1 (group B) and clarithromycin (group C) on the survival of mice, when used alone, were due to significant decrease in bacteremia (Figures 3A, B). E-CRP-1, as reported previously (21), and clarithromycin, both significantly decreased bacteremia. The decrease in bacteremia by E-CRP-1 and by clarithromycin were not significantly different from each other. Consistent with the survival data, the combination of WT CRP and clarithromycin (group D) did not significantly affect the protective ability of clarithromycin in terms of decreasing bacteremia. The dramatic increase in the survival of infected mice by the combination of E-CRP-1 and clarithromycin (group E) was due to the drastic decrease in bacteremia. The decrease in bacteremia in mice treated with both agents was significantly different from the decrease in bacteremia when mice were treated with either of the two agents alone. Bacteremia did not rise beyond 104 cfu/ml in mice treated with both E-CRP-1 and clarithromycin. The median bacteremia was maintained at the reduced level from the beginning to the end of the experiment.




Figure 3 | Bacteremia in mice infected with pneumococci and treated with E-CRP-1 and clarithromycin. Blood was collected from each surviving mouse shown in Figure 2. (A) Scatter plots of the bacteremia data. The horizontal red line in each group of mice represents median bacteremia. (B) The median bacteremia values, derived from (A) For 36–92 h, the p-value for the difference between groups A and B was <0.05. For 20–68 h, the p-value for the difference between groups A and C was <0.05. For all time points, the p-values for the differences between groups B C and C D were >0.05. For 36–116 h, the p-values for the differences between groups C E, B E, and D E were <0.05, with most significant difference (p < 0.005) between 44–92 h.



Overall, based on the statistical analyses of the survival curves (Figure 2) and of the scatter plots for bacteremia (Figure 3A), highly significant differences were found between the groups of mice treated with both E-CRP-1 and clarithromycin and the groups of mice treated with either agent alone. The anti-pneumococcal effects of E-CRP-1 were enhanced in the presence of low-dose clarithromycin. Combining E-CRP-1 with clarithromycin in the treatment of pneumococcal infection in this mouse model reduced the dose of clarithromycin by 90%.



Anti-Pneumococcal Effects of E-CRP-2, Clarithromycin, and Their Combination

As shown in Figure 4, and as reported previously (21), E-CRP-2 increased significantly the MST of mice infected with pneumococci. The MST for mice injected with bacteria alone (group A) was 54 h while the MST for mice injected with E-CRP-2 (group B) was 132 h. Clarithromycin also significantly increased the survival of mice infected with pneumococci; the MST for mice treated with clarithromycin (group C) was 108 h. The increase in the MST for mice treated with either E-CRP-2 or clarithromycin were not significantly different from each other. The combination of E-CRP-2 and clarithromycin significantly increased the survival of infected mice (group D). The MST for mice treated with both E-CRP-2 and clarithromycin was significantly different than the MST for mice treated with either agent alone. The MST for mice treated with the combination of E-CRP-2 and clarithromycin could not be calculated since ~80% of mice survived till the end of the experiment. In all other groups, >50% mice died in 5 days. The combination of E-CRP-2 and 0.02 mg clarithromycin provided the same protection (Figure 4) in terms of survival of mice as was seen with 0.2 mg of clarithromycin when used alone (Figure 1). Thus, like E-CRP-1, there was 90% reduction in the dose of clarithromycin when combined with E-CRP-2.




Figure 4 | Survival of mice infected with pneumococci and treated with E-CRP-2 and clarithromycin. E-CRP-2 was injected 12 h after administering pneumococci and is indicated by an arrow on the x-axis. Clarithromycin (0.02 mg) was injected four times, at 13, 36, 60 and 84 h, after the administration of pneumococci. The data are combined from two separate experiments with six to eight mice in each group in each experiment. The p-values for the differences in the survival curves between groups A B and A C were <0.001 and 0.002, respectively. The p-value for the difference in the survival curves between groups B and C was 0.25. The p-values for the differences in the survival curves between groups B D and C D were 0.01 and 0.002, respectively.



The protective effects of E-CRP-2 (group B) and clarithromycin (group C) on the survival of mice, when used alone, were due to significant decrease in bacteremia (Figures 5A, B). E-CRP-2, as reported previously (21), and clarithromycin, both significantly decreased bacteremia. The decrease in bacteremia by E-CRP-2 and by clarithromycin were not significantly different from each other. The dramatic increase in the survival of infected mice by the combination of E-CRP-2 and clarithromycin (group D) was due to the drastic decrease in bacteremia. The decrease in bacteremia in mice treated with both agents was significantly different from the decrease in bacteremia when mice were treated with either of the two agents alone. Bacteremia did not rise beyond 105 cfu/ml in mice treated with both E-CRP-2 and clarithromycin. The median bacteremia was maintained at the reduced level from the beginning to the end of the experiment.




Figure 5 | Bacteremia in mice infected with pneumococci and treated with E-CRP-2 and clarithromycin. Blood was collected from each surviving mouse shown in Figure 4. (A) Scatter plots of the bacteremia data. The horizontal red line in each group of mice represents median bacteremia. (B) The median bacteremia values, derived from (A) For 36–116 h, the p-value for the difference between groups A and B was <0.005. The p-values for the difference between groups A and C was <0.005 and <0.05 for 44–68 h and 92–116 h, respectively. For all time points, the p-values for the differences between groups B C and B D were >0.05. For 60 to 116 h, the p-value for the difference between groups C and D was <0.05.



Overall, based on the statistical analyses of the survival curves (Figure 4) and of the scatter plots for bacteremia (Figure 5A), highly significant differences were found between the groups of mice treated with the combination of E-CRP-2 and clarithromycin and the groups of mice treated with either agent alone. The anti-pneumococcal effects of E-CRP-2 were enhanced in the presence of low-dose clarithromycin. Combining E-CRP-2 with clarithromycin in the treatment of pneumococcal infection in this mouse model reduced the dose of clarithromycin by 90%.




Discussion

E-CRP molecules capable of binding to factor H recruited on the surface of pneumococci have been shown to protect mice against late-stage pneumococcal infection (21). Antibiotics protect against pneumococcal infection too (27). The aim of this study was to compare the protective effects of E-CRP with that of an antibiotic clarithromycin employing the same animal model. Our major findings were: 1. Both E-CRP-1 and E-CRP-2, two different molecules capable of binding to factor H recruited on the surface of pneumococci, protected and acted synergistically with clarithromycin to drastically reduce bacteremia and enhance the survival of mice with late-stage pneumococcal infection. 2. The combination of either E-CRP-1 or E-CRP-2 and 0.02 mg clarithromycin provided the same protection as was seen with 0.2 mg of clarithromycin when used alone. There was 90% reduction in the dose of clarithromycin when E-CRP was combined with clarithromycin for the treatment of infected mice. WT CRP did not do so.

Both E-CRP and clarithromycin decrease bacteremia, but via different mechanisms. E-CRP-mediated decrease in bacteremia is due to the activation of the complement system component of innate immunity. Clarithromycin is a macrolide antibiotic that has bacteriostatic action against gram-positive bacteria and some gram-negative bacteria including anaerobes. Clarithromycin is believed to function by binding to the ribosome within the microorganism and inhibiting protein synthesis, and thus inhibiting bacterial growth (26–29). A possible explanation for the synergy between E-CRP and clarithromycin is that the binding of E-CRP to factor H, and perhaps also to other recruited complement inhibitor proteins on pneumococci (21), and subsequent attack by the complement system are more efficient when pneumococci are static; and a low-dose clarithromycin treatment is sufficient to do that. In addition to the bacteriostatic action of clarithromycin, an increasing body of evidence suggests that clarithromycin possesses considerable anti-inflammatory and immunomodulatory properties, such as macrophage activation and inhibition of neutrophilic inflammation (26, 30–32). However, it is not clear whether the anti-inflammatory and immunomodulatory properties of clarithromycin participated in the synergy between clarithromycin and E-CRP in protection against infection. Nevertheless, our data provide a proof of concept that there is cooperation between E-CRP and clarithromycin in reducing bacteremia.

A single dose of E-CRP (25 μg) combined with a tiny amount of clarithromycin (0.02 mg) was the best prescription among all others in this study and in a previously published study (21) for nearly complete protection of our experimental mice. Neither E-CRP (25 μg) nor clarithromycin (0.02 mg) could do it singly, indicating a previously unknown pathway through which the innate immune system responds to antibiotic treatment. The synergy between various CRP species and clarithromycin in reducing bacteremia is just another example of cooperation between a molecule of the innate immune system and antibiotics. It has been reported previously that the classical complement pathway-mediated immunity against antibiotic-resistant pneumococci was enhanced in the presence of sub-inhibitory concentrations of antibiotics cefditoren and ceftriaxone. The binding of CRP to pneumococci was also enhanced in the presence of serum plus either cefditoren or ceftriaxone. Complement activation was also enhanced in the presence of specific anti-pneumococcal antibodies and sub-inhibitory concentrations of antibiotics such as cefditoren, ceftriaxone and amoxicillin (33, 34). It has been suggested that using antibiotics to enhance complement activation might help reduce the impact of antibiotic resistance in pneumococcal infection (33, 34). The cooperation mechanisms between the molecules of the innate immune system and antibiotics should be exploited to develop novel combination therapies to treat infections with antibiotic-resistant pneumococci.

Combination therapies using antimicrobials with different mechanisms of action are used to treat infections against antibiotic-resistant pneumococci and, at the same time, are formulated to prevent the spread of the resistance (35–41). Combination therapies have been shown not only to be more effective against antibiotic-resistant bacteria but also significantly reduce any risk of bacteria developing resistance as seen in monotherapy. The power of E-CRP to reduce antibiotic dosing could be significant and might further assist in these goals to prevent emergence of antibiotic-resistant pneumococci. Usually, combination therapies involve low doses of two antibiotics from different classes. It has been suggested that antibiotic-antibiotic combination therapy may reduce and slow the development of antibiotic resistance. Eliminating one antibiotic from the combination altogether and substituting it with E-CRP should then be, in principle, more effective in reducing and slowing the development of antibiotic resistance. This strategy is similar to antibiotic-non-antibiotic combination therapies, such as adjuvant-antibiotic therapy, where one of the two antibiotics is substituted with an adjuvant with the goal to prevent the development of antibiotic resistance (35–41). We propose that E-CRP should be considered for inclusion in combination therapies. The ability of E-CRP to drastically reduce bacteremia even with a fraction of the normal dose of clarithromycin might contribute further to prevent the development and spread of antibiotic resistance. Our data suggest that, by adding E-CRP to E-CRP-antibiotic combination therapy, the dose of the remaining antibiotic can be kept low.

We conclude that the efficiency of the innate immune system is enhanced in the presence of antibiotics. Our findings provide another example of cooperation between the innate immune system and molecules that prevent multiplication of bacteria, and that should be exploited to develop novel combination therapies for infections against antibiotic-resistant pneumococci. The reduction in antibiotic dosing by the strategy to include E-CRP in the combination therapy using antibiotics might also resolve the problem of developing and spreading antibiotic resistance.
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Objectives

Patients with systemic lupus erythematosus (SLE) often display modest elevations of C-reactive protein (CRP) despite raised disease activity and increased interleukin (IL-) 6. We asked to what extent IL-6 levels, the CRP polymorphism rs1205, and the type I interferon (IFN) gene signature affects the basal CRP levels in patients with SLE during a quiescent phase of the disease.



Methods

CRP and IL-6 were analyzed in plasma from 57 patients meeting established classification criteria for SLE. The CRP polymorphism rs1205 was assessed and gene expression analyzed including four type I IFN-regulated genes (IGS).



Results

CRP was increased in patients with detectable IL-6 levels (p=0.001) and decreased among IGS-positive subjects (p=0.033). A multiple linear regression model revealed IL-6 to have a positive association with CRP levels, whereas both IGS-positivity and CRP genotype (rs1205) AA/GA were negatively associated with CRP-levels.



Conclusion

Our data offer an explanation to the modest CRP levels seen in viral infections and IFN-α driven autoimmunity and corroborate prior observations showing an IFN-α dependent downregulation of CRP. The latter observation, together with the fact that the CRP-lowering polymorphism rs1205 is overrepresented in human SLE, could explain low basal CRP and inadequate CRP-responses among patients with active SLE.
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Introduction

The acute-phase protein C-reactive protein (CRP) is a key actor in the clearance of bacteria and dying cells. Its pentameric structure encompasses an effector face with affinity for C1q and Fcγ-receptors and a recognition face with the ability to bind phosphocholine on e.g., dying cells and pathogens, but also nuclear constituents exposed during apoptosis (i.e., snRNP and histones) (1, 2). These qualities enable CRP to contribute to efficient clearance of cell remnants and immune complexes by complement activation/modulation, opsonization, and phagocytosis, biological processes considered dysfunctional in systemic lupus erythematosus (SLE) (3, 4). Indeed, protective effects of CRP in the disease process have been demonstrated in animal models of lupus (5–7).

Due to increased CRP production from hepatocytes upon interleukin (IL-) 6 stimulation, CRP is widely used to monitor infectious and inflammatory conditions (8). With few exceptions, CRP reflects ongoing inflammation/tissue damage, seemingly without discrimination of the underlying trigger. However, whereas bacterial infections generally result in impressive CRP levels, the response in many viral infections is typically less pronounced (9). Similarly, modest CRP-responses are recorded in autoimmune diseases characterized by increased type I interferon (IFN) activity, e.g., SLE (8), and lack of correlation between IL-6 and CRP has been demonstrated in patients with SLE (10). Type I IFNs are strong activators of the anti-viral immune response, but may also contribute to autoantibody production in several autoimmune conditions (11).

IFN-α, the most studied type I IFN in autoimmunity, has previously been evaluated in relation to regulation of pentraxins (12–15). We have previously demonstrated an inhibitory effect of IFN-α in IL-6/IL-1β-induced CRP gene transcription and protein production from hepatocytes (12). Thus, the presence of IFN-α per se could contribute to modest CRP levels during IFN-α associated disease flares of type I IFN-driven autoimmunity as well as in viral infections. Furthermore, a combined effect of the CRP-lowering polymorphism of the CRP gene (rs1205) (16) and detectable IFN-α levels resulted in inability of CRP to reflect inflammatory activity among SLE patients (13). However, circulating IFN-α is difficult to detect with standard methods despite evidence of an increased gene transcription of type I IFN-regulated genes. Thus, a selection of type I IFN-regulated genes is typically assessed as a marker of an increased type I IFN activity, i.e., the type I IFN gene signature (IGS).

The aim of this study was to confirm and extend the knowledge from previous in vivo and in vitro studies showing an impact of type I IFNs (12, 13, 15) and rs1205 (13) on CRP levels among patients with SLE. Herein, the objective was to evaluate the potential impact of the IGS and rs1205 in patients unbiased from high disease activity.



Materials and Methods


Subjects

All patients (Table 1) were followed within the frame of an observational research program at the University Hospital in Linköping (17). Each participant (n=57) was classified with SLE according to the 1982 American College of Rheumatology and/or the 2012 Systemic Lupus International Collaborating Clinics criteria (18, 19).


Table 1 | Clinical characteristics of the 57 included patients with systemic lupus erythematosus (SLE).



The patients donated peripheral blood and the disease activity, defined by SLE disease activity index 2000 (SLEDAI-2K), was recorded from their closest regular visit to rheumatologist. All patients were considered to have low disease activity but could be serologically active and clinically quiescent at sampling (20, 21). Each participant gave written informed consent, and the study protocol was approved by the regional ethics board in Linköping.



Clinical Laboratory Analyses

Venous blood was drawn, and plasma was prepared and blood lipids were analyzed at the local Clinical Chemistry unit, including triglycerides, total cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), non-HDL, IL-6, and CRP. We utilized a high sensitivity method for CRP with 0.15 mg/L as limit of quantification (LOQ). For IL-6, LOQ was 1.5 ng/L.



Gene Expression

The type I IFN gene signature (IGS) was based on gene expression of IFI27, IFI44, IFI44L, and RSAD2 (22). Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized whole blood by density gradient centrifugation and lysed by RLT-buffer. Total RNA was extracted using the RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany). Quantification and purity of the RNA was assessed on a DS-11 spectrophotometer (DeNovix Inc. Wilmington, DE, USA). Total RNA was reverse transcribed using iScript™ cDNA synthesis kit (Bio Rad, Hercules, California, USA) to obtain cDNA for RT-qPCR. The RT-qPCR was performed by preheating for 10 min at 95°C, followed by 40 cycles of 95°C 15 s and 60°C for 60 s using StepOnePlus (Applied Biosystems, CA, USA). TaqMan™ Gene Expression assay (FAM) (Applied Biosystems, CA, USA) were used with the following primers from Thermo Fisher Scientific, IFI44L: Hs00199115_m1, RSAD2: Hs00369813_m1, IFI27: Hs00271467_m1, IFI44: Hs00197427_m1, GAPDH: Hs03929097_g1.

Fold‐change of gene expression was determined by the relative quantification method (ΔΔCt) after normalization to the housekeeping gene (GAPDH). A subsequent log-transformation was performed to achieve comparability between genes. IGS-score was expressed as mean of log-transformed fold change in relation to a control sample (consisting of a pooled sample from healthy control donors) of the four genes (detailed in Supplementary Data 1). The patient distribution revealed two groups regarding the IGS; a cut-off of 0.5 was applied to separate IGS-positive patients from IGS-negative.



CRP Genotyping

DNA was extracted from peripheral blood using Qiagen Blood Midi Kit (Qiagen) and genotyping was performed using Illumina Infinium Global Screening Array-Multi Disease version3 (Illumina Inc. California, USA) at the SNP&SEQ Technology Platform at Uppsala University. The genotyping is detailed in Supplementary Data 2.



Statistics

CRP levels were not normally distributed why Mann-Whitney U test, Kruskal-Wallis test, or Spearman’s correlation analysis were applied. CRP and IL-6 were log-transformed (10log) prior to linear regression analysis with CRP or IL-6 as dependent variables. A two-sided p-value of <0.05 was considered statistically significant.




Results


CRP Is Associated With IL-6 and IGS-Status

Levels of CRP correlated significantly with IL-6 (rho=0.415, p=0.001; Figure 1A) and with age (rho=0.292, p=0.027). No correlation was observed between CRP levels and IGS-score (Figure 1B). Since 28 patients had non-detectable IL-6, and 21 were judged IGS-negative, IL-6 and IGS were further tested as binary variables. CRP levels were significantly higher among those with detectable IL-6 (p=0.001; Figure 1C) and lower among IGS-positive subjects (p=0.033; Figure 1D). The CRP genotype (rs1205) was not significantly associated with CRP, neither based on number of rare alleles, nor based on presence or absence of one or two rare alleles (binary variables; Figure 1E).




Figure 1 | Plasma CRP levels in SLE patients, and the correlation and association with plasma IL-6 concentrations (A), the IGS score measured in peripheral blood mononuclear cells (B), detectable plasma IL-6 levels (C), IGS positivity (D) and CRP rs1205 genotype (E). Dashed lines represent cut-off levels for IL-6 detection and IGS positivity, respectively.



No significant correlations between CRP and corticosteroid dose, SLEDAI-2K or blood lipids were observed. Neither did we observe any differences in CRP related to sex, tobacco smoking, or use of antimalarials, corticosteroids, mycophenolate mofetil, methotrexate or use of any immunosuppressive agent (disease-modifying anti-rheumatic drugs except antimalarials, n=28). Finally, CRP levels did not associate with disease phenotypes (i.e., fulfilled classification criteria).



IL-6, IGS, and CRP Genotype Versus CRP Levels

To evaluate impact of CRP genotype rs1205, IL-6, and IGS-positivity, these variables were included in a linear regression model with 10log CRP as the dependent variable. Age was further added as an independent variable due to its correlation with CRP.

A stepwise analysis revealed IGS-positivity (p=0.017) and alleles AA/AG of rs1205 (p=0.041) to be associated with low levels of CRP. Age and IL-6 levels did not associate with CRP in the regression analysis (Table 2). However, a regression analysis with IL-6 as binary variable resulted in a significant association of both IL-6 (p=0.012), CRP genotype (AA/AG) (p=0.030), and IGS-positivity (p=0.030) with CRP levels (Table 2 and visualized in Figure 2).


Table 2 | Variables associated with CRP levels (10log CRP) in stepwise linear regression analyses.






Figure 2 | CRP levels among patients with and without detectable IL-6 levels (Z-axis) along with different CRP genotype (rs1205) and type I IFN gene signature (IGS) status (X-axis). Bars show median values.



We observed no associations between IGS-status and CRP genotype, IL-6 (binary), or CRP genotype as determined by chi2 (Fisher’s exact test). A regression analysis with 10log IL-6 as the dependent variable and CRP genotype and IGS-status as dependent variables did not reach statistical significance, indicating that the effect of IGS and CRP genotype on CRP levels were independent of IL-6. 




Discussion

The present study demonstrates that low CRP levels coincide with the CRP polymorphism rs1205 and the presence of an activated type I IFN system, as determined by the IGS-score. Our observations therefore add further support to an important role of type I IFNs in the regulation of circulating CRP via an inhibitory effect by IFN-α on CRP production (12, 15). Furthermore, we previously demonstrated an association between CRP and SLE disease activity when patients with the rs1205 minor allele and detectable serum IFN-α were excluded (13). Thus, it is plausible that our findings together with the fact that the CRP-lowering polymorphism rs1205 is overrepresented among SLE patients (16), explain the low basal CRP and inadequate CRP-responses in those with active SLE.

The extensive use of CRP as a biomarker motivate research aiming to unravel its regulation in different inflammatory conditions. Indeed, viral infections generally result in lower CRP-responses compared with bacterial infections (9), and SLE patients rarely mount a CRP-response that corresponds to their inflammatory activity (10, 23) or circulating IL-6 levels (10).

IL-6 is the main inducer of CRP-production, and it is therefore not surprising with a positive impact of IL-6 on circulating CRP (24). Herein, it was however evident that the CRP polymorphism, as well as type I IFN activity, coincides with a limited ability of IL-6 to induce a CRP-response. In fact, none of the IL-6-positive patients with the rs1205 minor allele and IGS-positivity reached a higher CRP level than 3.6 mg/L, i.e., the highest CRP found among IL-6-negative subjects regardless of rs1205 genotype or IGS-status.

Hypothetically, other polymorphisms or presence of soluble receptors for e.g., IL-6 and IFN-α could also impact CRP levels. As alternative explanations to the muted CRP response in SLE, increased consumption of CRP has been put forward. Increased complement consumption, due to inflammation and increased cell death, is a well-known feature of SLE flares (25). CRP has similar functions in the clearance of debris and could potentially be utilized and eliminated at a higher rate in patients with SLE. However, the elimination rate of CRP in SLE patients seems unaltered compared with healthy controls (26). Furthermore, anti-CRP autoantibodies, which are more frequently found in SLE, are not directed toward native circulating CRP, but toward epitopes that are exposed upon CRP dissociation on surfaces (27).

Limitations of the present study encompassed a relatively small number of patients and the lack of a replication cohort as well as a control group with unrelated inflammatory disease. The patients included had no known concomitant infections and low/stable disease activity, which reduce the potential impact of specific SLE-manifestations and comorbidities affecting the CRP-response. During bacterial infections, SLE patients usually present with an adequate CRP-response (28) which may be due to the massive increase of IL-6 that overrides the inhibitory effect of type I IFNs and/or genetic variants of CRP. In addition, bacterial infections could result in a shift of the immune activation with reduced type I IFN production. CRP itself has furthermore been shown to inhibit type I IFN production (29, 30) and it is tempting to speculate in a reciprocal regulation between pentraxins and type I IFNs. Finally, also leukocyte secretion/release of the closely related protein pentraxin-3 (PTX3) appear to be regulated by IFN-α in vitro (14).

Given the essential biological functions of pentraxins, such as CRP, in facilitating silent removal of cellular debris via Fc-receptors and by interacting with the complement system (1, 4) it is perhaps not surprising that administration of CRP to a murine lupus model prevent and reverse ongoing nephritis (5, 7). The crucial role of type I IFNs in SLE was once again demonstrated by the encouraging results of the phase 3 trial investigating the anti-IFN α/β receptor anifrolumab in patients with active SLE (31). These observations, together with our results, suggests that the consequences of CRP gene polymorphisms and IL-6/type I IFN interactions in SLE deserves further attention.
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The Long Pentraxin 3 (PTX3) is a multifunctional glycoprotein released by peripheral blood leukocytes and myeloid dendritic cells in response to primary pro-inflammatory stimuli, that acts as a non-redundant component of the humoral arm of innate immunity. In addition to the primary role in the acute inflammatory response, PTX3 seems to be involved in other physiological and pathological processes. Indeed, PTX3 seems to play a pivotal role in the deposition and remodeling of bone matrix during the mineralization process, promoting osteoblasts differentiation and activity. Recently, PTX3 was seen to be involved in the ectopic calcifications’ formation in breast cancer disease. In this regard, it has been observed that breast cancer tumors characterized by high expression of PTX3 and high amount of Breast Osteoblast Like Cells (BOLCs) showed several Hydroxyapatite (HA) microcalcifications, suggesting a likely role for PTX3 in differentiation and osteoblastic activity in both bone and extra-bone sites. Furthermore, given its involvement in bone metabolism, several studies agree with the definition of PTX3 as a molecule significantly involved in the pathogenesis of age-related bone diseases, such as osteoporosis, both in mice and humans. Recent results suggest that genetic and epigenetic mechanisms acting on PTX3 gene are also involved in the progression of these diseases. Based on these evidences, the aim of our systemic review was to offer an overview of the variety of biological processes in which PTX3 is involved, focusing on bone mineralization, both in a physiological and pathological context.
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Introduction

The Long Pentraxin 3 (PTX3) is the prototypic long pentraxin that was first identified in the early 1990s as a cytokine-inducible gene in endothelial cells and fibroblasts (1). Long pentraxins have an unrelated amino-terminal region coupled to a carboxy-terminal pentraxin-like domain. Experimental evidences indicated that PTX3, originally identified as an early induced protein in response to pro-inflammatory stimuli, is a soluble Pattern Recognition Molecule (PRM) involved in the humoral arm of the innate immune response (2, 3). However, in recent years several studies have shown that PTX3 is involved in other physiological and pathological processes such as tissue injury response, ectopic calcifications formation and in bone homeostasis (Figure 1). The human PTX3 gene (MIM# 602492) is located on chromosome 3q25 and contains three exons and two introns. Mature PTX3 is characterized by a unique long N-terminal Domain (NTD - amino acids 18-179), and a pentraxin-like C-terminal domain (PTX - amino acids 179–381), homologous to the short pentraxins (4, 5). The molecule has a complex octameric structure composed of two covalently linked tetramers (6) and characterized by a peculiar asymmetric and elongated shape in which two domains are interconnected by a linear region (7). Hemostasis-related function of PTX3 in tissue repair and matrix formation has recently been described (8, 9). In several mouse models of tissue damage has been demonstrated that PTX3 promoted pericellular fibrinolysis in damaged site binding fibrin and plasminogen (Plg), thus ensuring appropriate tissue repair (10). Thus, in line with these studies, PTX3 plays an essential role in the orchestration of the tissue injury response. Furthermore, several studies demonstrate the important role played by PTX3 in ectopic calcification processes in extraosseous sites. Indeed, it has been seen to be involved in HA crystals formation and breast cancer cells differentiation into Breast Osteoblast Like Cells (BOLCs). Finally, recent investigations highlighted a possible role of PTX3 in osteoblast activity and bone matrix formation in both human and mouse tissues (11–14). Noteworthy, in these studies the impairment of PTX3 expression was correlated to the occurrence of osteoporosis and more in general with a significant decrease of osteoblast differentiation. Starting from these considerations, this narrative review aims to report the most recent data concerning the role of PTX3 in bone diseases.




Figure 1 | Schematic representation of the roles of Pentraxin 3 (PTX3) in tissue injury response, bone homeostasis, ectopic calcification, and innate immunity.





Role of PTX3 in Ectopic Calcifications

In recent years, several investigations highlighted the role of PTX3 in ectopic calcifications (Table 1). Specifically, Scimeca et al. demonstrated that the impairment of PTX3 expression inhibited the synthesis of HA (13). This result was also confirmed by ex vivo investigations that aimed to describe the molecular mechanisms involved in the ectopic calcifications’ formation. These elemental signs of human diseases are frequently detected in pathological tissues as consequence of cell homeostasis deregulation. The most common calcifications found in non-bone tissues are breast microcalcifications (21). Deposits of calcium salts in breast are associated to the presence of lesions, both benign and malignant. Thus, detection of microcalcifications in breast tissues by imaging analysis, such as echography, Magnetic Resonance Imaging (MRI) or most commonly by mammography, currently represents the main breast cancer screening investigation (21). After the pioneering studies of Morgan et al. (22–24), numerous investigations have been performed about the origin of breast microcalcifications. Our group proposed an innovative idea in which BOLCs developed into breast cancer mass are responsible of the production of HA crystals (15, 16, 25, 26). The progressive accumulation of these calcium salts induces the formation of calcified nodules detectable by mammography. One of the mechanisms that drive the differentiation of breast cancer cells into the BOLCs and also the formation of HA crystals is mediated by PTX3 (16). Specifically, we found that breast cancer tumors with a high BOLCs amount and high PTX3 expression were characterized by several HA microcalcifications (16). In addition, microcalcifications produced by BOLCs showed a histological aspect like an osteon. Noteworthy, we also found that the presence of PTX3-positive BOLCs significantly increases the risk of developing breast cancer metastasis to bone within 5 years from first histological diagnosis (27). Therefore, it is possible to hypothesize that PTX3 can induce osteoblastic differentiation and activity in both bone and extra-bone sites such as the breast. In this respect, we described the same mechanisms for the calcifications’ formation and bone metastasis in prostate cancer (28). A role of PTX3 was described also for the atheromatic lesions formation (29–31). However, to the best of our knowledge, no association has been identified between PTX3 expression and the formation of calcified nodules into the atheroma. Nevertheless, in our experience, the macrophages responsible for the atheromatic calcifications formation are frequently positive for PTX3 expression (32). Thus, it might be reasonable that osteoblastic differentiation process of atheromatic macrophages could in turn be driven by PTX3. It is important to remember that PTX3 is only one of the numerous possible mediators involved in the osteoblastic differentiation both in bone and ectopic sites, even though its activity seem to be fundamental for the mineralization process.


Table 1 | Pentraxin 3 (PTX3) involvement in pathophysiological state of bone tissue’s metabolism.





PTX3, Osteoporosis, and Fracture Healing

Recent studies have demonstrated the importance of the role played by PTX3 in bone tissue metabolism (Table 1). Particularly, the involvement of this molecule in aging-related bone diseases, such as osteoporosis, and fracture healing process has been studied. Given its recently emerging role, attention has been focused on PTX3 involvement in bone homeostasis. Particularly, great interest has been shown for its involvement in the pathogenesis of chronic bone diseases such as osteoporosis and in the fracture healing process, both in mice and humans (13, 14, 17, 18, 20, 33). It has been shown that PTX3 is able to induce Receptor Activator of Nuclear factor Kappa-B Ligand (RANKL) expression by osteoblasts that promote the activation of osteoclasts in an in vitro culture system (17). Lee and colleagues speculated that PTX3 could perform a pathological function: its expression in bone can be elevated by TNF-α, which increases RANKL expression by osteoblast’s precursors, that, in turn, induces an excessive formation of osteoclasts. These results suggest that PTX3 can act as an inflammatory mediator that contributes to the deterioration of the osteolytic conditions of the inflamed bone. On the other hand, it has been proposed that PTX3 is involved in bone formation rather than resorption, as demonstrated by Kelava et al. in 2014, who studying the relationship between PTX3 expression and bone quality in mice deficient for the PTX3 gene, demonstrated that PTX3 null mice had lower bone mass than wild-type mice (18). To establish the effective involvement of PTX3 in bone pathophysiology, its expression and function in human osteoblasts of osteoporotic, osteoarthritic patients and young subjects not affected by bone pathologies were studied (14). Immunohistochemical analysis performed on bone head biopsies showed a close association between bone health and the number of osteoblasts expressing PTX3. It was observed that the percentage of PTX3 positive osteoblasts was significantly lower in osteoporotic patients than in young and osteoarthritic patients of the same age (13). Furthermore, the treatment with an anti-PTX3 antibody of human osteoblast primary cultures derived from young patients has greatly influenced the behavior of osteoblasts: they lost the morphological and molecular characteristics typical of mature osteoblasts, acquiring fibroblast-like shape and strongly decreasing RANKL and RUNX2 expression. Finally, PTX3 inhibition negatively influenced osteoblasts proliferation and their ability to form cell groups and HA microcrystals. Overall, it has been hypothesized that bone regeneration requires PTX3 both for the induction of the fracture healing process and for the recruitment of differentiated osteoblasts (14). Some researchers are testing the possibility to use PTX3 plasma levels as a biomarker for the bone quality and to stratify the population based on the risk to develop an osteoporotic condition. In this context, a paradox effect has been described by Lee and colleagues (19). In particular, authors evaluated PTX3 plasma levels on a sub-cohort of 1440 subjects (757 men and 683 women) founding that PTX3 levels were inversely associated with Bone Mineral Density (BMD) of the lumbar spine and femoral neck in men but not in women (19). This data could be explained as a systemic reaction of the body to offset the impairment of PTX3 in specific tissue as the bone. In agreement with these evidences, Grčević and colleagues performed an in vivo study in which PTX3 KO mice (Ptx3-/-) was used to test the role of PTX3 in bone turnover and repair (12). By using the closed transversal tibial fracture model, authors found that Ptx3-/- female mice formed significantly less mineralized callus during the anabolic phase following fracture injury compared to wild-type mice. These results indicate that PTX3 plays an important role in bone homeostasis and in proper matrix mineralization during fracture repair, a reflection of this molecule function in tissue homeostasis and repair (12). Moreover, PTX3 can interact with Fibroblast Growth Factor 2 (FGF2), which is highly expressed in the bone matrix, exerting a negative effect on osteoblastogenesis and bone remodeling. It has been demonstrated in vitro that PTX3 produced by osteoblasts is able to bind FGF2 and inhibit the negative effects exerted on the differentiation of bone marrow stromal cells into osteoblasts, acting as a protective factor for bone (33). Finally, a study performed by Liu et al. investigated the role played by PTX3 in promoting osteoblastic differentiation in MC3T3-E1 cells, confirming the essential role of PTX3 in the bone metabolism (20). Authors showed that PTX3 is abundantly expressed in MC3T3-E1 cells and that its expression is inducible by the introduction of osteogenic induction medium. In addition, the overexpression of PTX3 was able to significantly increase the expression of some of the most important genes related to bone metabolism such as Runt-related Transcription Factor 2 (RUNX2), ALP, Osteocalcin (OCN) and Osterix (OSX), suggesting that the PTX3 overexpression promotes osteoblastic differentiation and activity (20). As concern the possible molecular pathways involved in the bone metabolism regulation by PTX3, it is demonstrated that the effects of PTX3 on osteoblasts are mediated by its induction of the PI3K/Akt signaling pathway. From mechanistic point of view, Liu et al. displayed that the action of PTX3 requires the activation of PI3K and Akt, and deactivation of PI3K by its inhibitor LY294002 weakens the PTX3-mediated induction of osteoblast signature genes, ALP and matrix mineralization (20). These data provide the rationale to develop new strategies for bone metabolism regulation in human subjects. Indeed, the possibility to modulate the molecular signaling involved in the PTX3-related osteoblast differentiation could represents an opportunity for future innovative therapies for osteoporotic patients.



PTX3 Genetic Variability and Aging-Related Bone Diseases

In recent years, increasing research has focused on the association between the Single-Nucleotide Polymorphisms (SNPs) of PTX3 gene and human diseases. However, there are still few reports about the effect of PTX3 genetic variability and aging-related bone diseases. Previous studies have described that rs2305619 and rs1840680 SNPs have functional significance on the relative PTX3 protein amount. Results indicated that the A allele of both SNPs is associated with higher levels of circulating PTX3 (34, 35). The mechanism by which these SNPs affect PTX3 plasma levels has still to be clarified but possibly rs2305619 and rs1840680 are in linkage disequilibrium with a genetic variant located in a regulatory region of the gene. Variable levels of PTX3, depending on different genetic variants, may therefore have a direct role in the pathogenesis of inflammation and ossification. On this basis, Zhang and Ding (36) analysed the effects of three PTX3 polymorphisms in genetic susceptibility to Ankylosing Spondylitis (AS). AS is a complex inflammatory disease characterized by a chronic long-term inflammation of the joints of the spine over time. As an autoimmune disease, AS develops through complex interactions between the individual genetic background and environmental factors (37). Genotyping of rs23056219, rs3816527, and rs3845978 SNPs in PTX3 gene has been conducted by allelic discrimination assay in 101 AS patients and 93 controls. Results showed that the C allele and the CC genotype of rs3816527 have a positive effect on AS occurrence. Similarly, in rs3845978, individuals carrying the T allele and the CT genotype developed AS earlier. The three SNPs belong to a haplotype block and their combined analysis revealed that G-C-T and A-C-C haplotypes may increase the genetic susceptibility to AS (36). Another genetic aspect linked to the increased risk to develop bone disease is the so called “inflamm-aging”, the age-related elevations in proinflammatory cytokines associated with shorter immune cell telomere lengths. Telomeres maintain the “youthful” status of immune cells, and shortened telomere lengths are considered a main biological hallmark of cellular aging (38) leading to an irreversible state of replication-induced cellular senescence (39). Although leukocyte telomere lengths shorten as a natural consequence of aging, the continuous exposure to increased proinflammatory agents may accelerate this process (40). It has been demonstrated that increased PTX3 production is required to prevent overactivation of the inflammatory signalling pathway, and elevated concentrations of circulating PTX3 are considered an indicator of appropriate immune function in healthy young adults (41). This observation has been further confirmed in the study by Pavanello et al (42). who recently demonstrated that the upregulation of PTX3 plasma levels is associated with longer telomere lengths in healthy middle aged adults (41). Last but not least, epigenetic mechanisms have been also implicated in the regulation of human PTX3 expression, since methylation of 5’ UTR regions (enhancers and promoter) has been deemed responsible of PTX3 gene silencing in several disease conditions including cancer, inflammation and atherosclerosis (43, 44). Chronic inflammation induces a novel epigenetic program that is conserved in intestinal adenomas and in colorectal cancer (45). It is therefore possible to speculate that the persistent inflammatory stimuli from an aged immune system may be also involved in the progression of age-related bone diseases through either genetic (telomere shortening) and epigenetic (DNA hypermethylation) mechanisms acting on the PTX3 gene.



Discussion

In this systematic review, we discussed and summarised the effects of PTX3 on various biological mechanisms, focusing our attention on the role played by this protein in the physiology and pathophysiology of mineralization process, in bone formation and ectopic calcifications, as well as its involvement in the onset of age-related bone diseases. In fact, PTX3 seems to be involved in tissue remodelling and repair processes, both under physiological and pathological conditions (1, 33). In this regard, our group demonstrated for the first time the ability of PTX3 to induce an increase of both cell proliferation and HA microcrystal formation in osteoblasts culture characterized by an impairment of PTX3 expression. These results allowed us to speculate the existence of a close correlation between PTX3 expression by osteoblasts and bone quality, suggesting a central role for PTX3 in proliferation, differentiation, and function. The ability of PTX3 to participate in HA microcrystals’ formation has also been confirmed by ex vivo studies to describe the molecular mechanisms involved in ectopic calcifications’ formation, which are often detected in pathological tissues, resulting in an altered cellular homeostasis. PTX3 is known to mediate the differentiation of breast cancer cells into BOLCs cells and the formation of HA crystals (26). Based on these evidences, PTX3 can be considered a new possible marker for poor differentiated breast cancer (46). Furthermore, since a significantly greater difference in PTX3 expression between malignant and benign lesions in the presence of microcalcifications was found, it can be assumed that PTX3 plays an essential role in the formation of ectopic calcifications in breast. Besides being considered one of the many possible mediators involved in osteoblastic differentiation both in bone and ectopic sites, several studies agree with the definition of PTX3 also as a molecule significantly involved in the pathogenesis of age-related bone diseases, such as osteoporosis, and in the fracture healing process. In this regard, to establish the effective involvement of PTX3 in bone pathophysiology, Scimeca and colleagues studied the expression and function of this protein in osteoblasts from osteoporotic and osteoarthritic patients and young subjects not affected by bone diseases (13). It is important to highlight the role of PTX3 in bone regeneration, since its presence would appear to be crucial both for inducing the fracture healing process and recruitment of differentiated osteoblasts. In recent years, it has been assumed that the onset and progression of age-related bone diseases are also influenced by genetic and epigenetic mechanisms acting on the PTX3 gene. Indeed, it is possible to speculate that genetic variability, together with epigenetic modifications, in PTX3 regulatory regions could lead to an alteration of PTX3 levels and may be directly involved in the pathogenesis of inflammation and ossification. Based on these scientific evidences, we can certainly conclude that PTX3 may represent a new regulator of bone metabolism. Given its evident involvement in the physiological and pathophysiological processes that occur in bone tissue, PTX3 could represent a new potential diagnostic marker and therapeutic target for the treatment of age-related bone diseases, representing an important goal in the era of personalized medicine. Considering the multiple roles played by PTX3 in both physiological and pathological contexts, we believe it is necessary to address future studies towards a better and deeper understanding of the underlying mechanisms, in order to make possible the development of targeted therapeutic approaches. Finally, we believe that the use of PTX3 as a marker can contribute significantly to a reduction in costs associated with diagnostic procedures and treatment of bone metabolism disorders.
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In the blood of healthy individuals C-reactive protein (CRP) is typically quite scarce, whereas its blood concentration can rise robustly and rapidly in response to tissue damage and inflammation associated with trauma and infectious and non-infectious diseases. Consequently, CRP plasma or serum levels are routinely monitored in inpatients to gauge the severity of their initial illness and injury and their subsequent response to therapy and return to health. Its clinical utility as a faithful barometer of inflammation notwithstanding, it is often wrongly concluded that the biological actions of CRP (whatever they may be) are manifested only when blood CRP is elevated. In fact over the last decades, studies done in humans and animals (e.g. human CRP transgenic and CRP knockout mice) have shown that CRP is an important mediator of biological activities even in the absence of significant blood elevation, i.e. even at baseline levels. In this review we briefly recap the history of CRP, including a description of its discovery, early clinical use, and biosynthesis at baseline and during the acute phase response. Next we overview evidence that we and others have generated using animal models of arthritis, neointimal hyperplasia, and acute kidney injury that baseline CRP exerts important biological effects. In closing we discuss the possibility that therapeutic lowering of baseline CRP might be a useful way to treat certain diseases, including cancer.
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Preface

This article was written for Frontiers in Immunology’s research topic Diagnostic and Therapeutic Applications of Pentraxin and Pentraxin-Associated Proteins. Our goal was to review the available evidence - generated by us and by others – that supports targeting of CRP as a therapeutic approach for the treatment of human diseases including cancer. To provide what we think is necessary context we include a brief historical overview of CRP and an update on our understanding of CRP’s general biology and its mode of regulation, and we briefly summarize the use of CRP measurements in clinical practice (although in full disclosure neither of the authors is a clinician with direct experience in that realm). We have done our best to be non-partisan, fair, complete, and balanced, and to give credit to researchers in the field where we think credit is due. Finally, since this is a review paper of limited length we were necessarily judicious and have not referenced the entirety of the excellent work done by all the experts in the field. Those caveats notwithstanding, we sincerely hope that what we have written here stimulates in the reader an appetite for more information about CRP. To feed that appetite we encourage the readers to devour one or more of the many excellent reviews already written by other experts (1–12).



Historical Overview of C-Reactive Protein


C-Reactive Protein Gained Acceptance as a Non-Specific Biomarker of Disease Soon After Its Initial Discovery

C-reactive protein (CRP) was discovered during the seminal studies of pneumococcal pneumonia being performed in the laboratory of Oswald T. Avery (1877-1955). There in 1930 in the blood of pneumonia patients, William S. Tillett (1892-1974) and Thomas Francis, Jr. (1900-1969) identified high titers of a substance that was reactive with (and could precipitate from solution) the carbohydrate-rich “C fraction” of S. pneumonia (i.e. the fraction containing pneumococcal C-polysaccharide) (13). Today we call this precipitating substance C-reactive protein or CRP. Tillett and Francis also observed the drastic decline and eventual disappearance of the precipitin from patient’s sera coincident with resolution of their febrile period – the first report of CRP’s characteristic rise and fall during what later became known as the “acute phase response” (APR). At the time, to detect CRP Tillett and Francis and their contemporaries relied on a flocculation reaction, wherein CRP in the serum reacted with C-polysaccharide in solution to form a visible precipitate. This assay requires high amounts of CRP and consequently, CRP could only be detected in the serum of patients experiencing severe disease; thus at the time CRP was thought to be absent from the serum of healthy people. Soon thereafter it was recognized that monitoring CRP blood levels might have clinical utility, and this was solidly established by a trio of papers published by Avery’s group in 1941 (14–16). Still today elevation of blood CRP is recognized as a useful “biomarker of inflammation”, and so CRP blood levels are incorporated into numerous disease assessment guidelines. With the eventual development of more accurate and more sensitive techniques for its measurement, CRP was found to be present in normal serum too (17–19) and the first rigorous study of normal CRP values soon followed (20). These findings challenged the earlier status quo that CRP was a precipitin present only during infection and raised the possibility that CRP plays a role in normal homeostasis. Recognizing that assays of CRP were of increasing clinical diagnostic value, in 1987 the World Health Organization spearheaded the development of an International Standard for Human CRP. That standard (coded 85/506), comprised of an extract of freeze-dried pooled human serum to which a quantity of human CRP has been added, is stable and is available in ampoules and was shown to be suitable for use as a standard in seven different immunoassays [(21), pp. 21-22]. Preparation 85/506 was meant to be the gold standard against which all national and international secondary CRP standards are meant to be calibrated.

Blood CRP levels in populations of ostensibly healthy people have a positively skewed log-normal distribution, and baseline blood CRP levels in individuals can vary with age, sex, race, genetics, and obesity (22–25). Consequently, even in people whose CRP levels fall within the reference ranges first established by Shine et al. (20) (median 0.8 mg/L with 90% under 3.0 mg/L and 99% under 10 mg/L), CRP values can still vary widely from one healthy person to another. The range of values deemed normal for a physiologic measurement in healthy persons is further complicated by the fact that blood CRP concentrations between 3 and 10 mg/L are considered by some to be indicative of ‘low-grade’ inflammation, i.e. mild inflammation resulting from a variety of persistent metabolic stresses (e.g. atherosclerosis, obesity, obstructive sleep apnea, insulin resistance, hypertension, type 2 diabetes, etc. (4). There is similar wide variability in CRP levels among those whose values are above the normal range; with levels greater than 10 mg/L generally considered to indicate clinically significant inflammation (i.e. the type accompanied by rubor, calor, dolor, and tumor) and levels above 100 mg/L considered indicative of infection. As mentioned above baseline CRP values are now included in a variety of clinical guidelines for disease assessment. Perhaps the best known example of this is the reference ranges for serum CRP now articulated by the Centers for Disease Control and Prevention and the American Heart Association to estimate cardiovascular risk in otherwise healthy individuals: low-, average-, and high-risk values defined as < 10, 10 – 30, and > 30 mg/L (26). Indeed according to some reports, high baseline CRP is a more robust predictor of future adverse coronary events than is dyslipidemia (27, 28). From cardiovascular disease to cancer to acute kidney injury high CRP levels have been shown to correlate with worse prognosis, and recent evidence indicates CRP is a very good predictor of adverse outcomes for COVID-19 patients (29). Interestingly, animal studies indicate that CRP’s association with autoimmune diseases might be reversed, i.e. the onset of multiple sclerosis, arthritis, and lupus, is delayed in CRP transgenic mice (3, 30, 31). Whether higher baseline CRP predicts later onset of autoimmunity in patients remains to be ascertained. CRP thus has a long history and its elevation in the blood above the normal range has well-established utility as a biomarker of inflammation and disease. As will be discussed later, emerging new evidence indicates that blood CRP can also actively participate in physiological processes when it is in the range deemed normal.



The Advent of Molecular Biology Ushered in a Deeper Understanding of C-Reactive Protein Structure, Regulation, and Biological Activity

Not only is CRP the prototypical human acute phase protein (32, 33) it is also the prototypical pentraxin (34), an evolutionarily highly conserved class of pattern recognition molecules with the same or highly similar primary, secondary, tertiary, and quaternary structures; human CRP being composed of five globular monomers of 206 amino acids each, non-covalently bound together into a planar ring with a central pore (Figure 1) (34, 35, 41). As mentioned earlier the first known biological activity of CRP identified was its ability to bind to and precipitate with the pneumococcal C-polysaccharide (13). This action was later found to rely on CRP binding to phosphocholine (a major constituent of C-polysaccharide) in a Ca2+-dependent manner (42–44). While C-polysaccharide/phosphocholine is the canonical and most well-studied ligand for CRP, it is likely not the only ligand to which CRP can bind. For example numerous different groups have reported that CRP also binds to apoptotic cell membranes (45), to various nuclear antigens (46–48), to the oxidized LDL receptor (49), and to many other ligands (9, 12, 50, 51), although some of these reactivity’s have been disputed (52). Additionally, CRP is known to activate the classical pathway of complement by binding and thereby activating C1q (53–55), and to activate numerous myeloid, lymphoid, and endothelial cell responses by binding to a variety of Fc receptors (10, 56). In general it is most likely that by binding one or more of these ligands, by activating complement, and by engaging Fc receptors that CRP mediates its well-described protective influences against bacterial infection (57–61). As will be detailed later, these varied ligand and receptor interactions also support CRP’s participation in various non-infectious diseases. Insofar as is known, the CRP’s of different species share the same or similar ligand binding profiles as human CRP (12).




Figure 1 | C-reactive protein (CRP) is a pentamer with two distinct faces. (A) On the A face each CRP monomer displays an α-helical stretch of residues (fuchsia) adjacent to the C1q and FcR binding sites and on the opposite B face (B) each monomer displays residues that help coordinate two Ca2+ ions (green spheres) that assist with binding to ligands (phosphocholine shown in gray, red, and orange spheres). The image is a reproduction of structure 1B09 as reported by (35, 36) and was created using NGL (37) accessed on PDB (38–40).



Seminal studies conducted using both rabbit and human cells showed that the hepatocyte is the main site of CRP synthesis and assembly (62, 63). That finding and the subsequent mapping of the human CRP gene to chromosome 1 (64) led to more detailed studies of the control of CRP expression. While a few studies have reported that some pre-assembled CRP is kept in intracellular pools – from which it is expeditiously released during the APR (65, 66) – the overwhelming evidence from human cells and transgenic mice (67) has solidly established that CRP expression – and thus CRP blood levels - is controlled mainly at the transcriptional level. Today, transcriptional regulation of CRP is known to be coordinated by a host of cytokines and hepatic transcription factors, with IL-6 and IL-1β being the main cytokines regulating CRP blood levels during inflammatory episodes (68–70). The latter have been shown to bind to various overlapping transcription factor binding elements in the CRP promoter, in a region proximal to its coding sequence (Figure 2). It is now certain that the levels of blood CRP in healthy individuals is influenced by genetic variation in this promoter region (6, 24), but it is still uncertain whether genetic variation in these or other regulatory elements contributes to differences in the ability to upregulate CRP during inflammation. Notwithstanding the latter gap in knowledge, the available evidence indicates that in the absence of inflammation baseline CRP expression can be maintained by the transcription factors hepatic nuclear factor (HNF) 1 alpha (HNF1α) and 3 (HNF3) (69). In contrast during inflammation, the increased availability of IL-6 and/or IL-1β supports increased production of the transcription factors C/EBP, STAT3, cFos, and NF-κB, which act synergistically with the CRP promoter-bound HNFs to drive high levels of CRP transcription (68, 69, 71–73). There is also some evidence that the proximal promoter of CRP, perhaps in conjunction with the CRP 3’UTR and the downstream pseudogene CRPP1 can assemble into an enhanceosome (Figure 2) that favors more prolonged transcription of CRP (67, 74–76). Thus it is most likely that during an APR, the increased quantity and variety of transcription factors available (coupled with their increased nuclear residency?) supports more efficient transcription of CRP, thus accounting for the dramatic increase in circulating CRP levels (from ~1 mg/L to upwards of ~200 mg/L) that can be seen within hours during the acute phase response. Presumably when inflammation is resolved and the availability of cytokines and transcription factors is lowered, transcriptional control of CRP is handed back to HNFs (69).




Figure 2 | The human C-reactive protein (CRP) gene. (A) Downstream of CRP is the CRP pseudo-gene (CRPP1, lilac box), that is likely involved in cis-acting regulation of basal CRP expression. (B) The proximal promoter of CRP (light blue box) is typically mapped as the region ~300 nucleotides upstream of the transcription start site, including the TATA binding site at −29 to −26 (red ×). The short 5’ untranslated region (5’UTR; light gray box) precedes the coding sequence for the 18 amino acid-long leader peptide (dark gray box). Exon 1 encodes the first three amino acids of mature CRP (thin black vertical line) and is immediately followed by the intron. The remainder of CRP is encoded by exon 2 (black box). CRP has a long 3’UTR sequence (light gray box) with a poly(A) signal (♦). Each region is drawn approximately to scale. (C) The relative locations in the CRP promoter of binding elements for hepatic nuclear factor (HNF) 1α and HNF3 that contribute to regulation of constitutive expression of CRP (gray boxes) and for C/EBP (yellow boxes), NF-κB (black boxes), and STAT3 (blue box) that contribute to regulation of expression of CRP during the acute phase response. Note that C/EBP and NF-κB and the repressor OCT-1 (red box) utilize overlapping elements.






Targeted Lowering of C-Reactive Protein


Blood C-Reactive Protein Lowering as a Therapeutic for Cardiovascular Disease?

The association of CRP blood levels with cardiovascular disease (CVD) has been of keen interest for many decades, and today baseline CRP is recognized both as an independent marker and predictor of myocardial infarction (MI), stroke, and death from coronary heart disease in ostensibly healthy people. Conclusive evidence for CRP causality in human CVD is still lacking [for more insight see the comprehensive critical reviews by (5, 7)] and the entire issue remains hotly debated, but the results of at least four different clinical trials suggest a role for CRP in the atherogenic process (27, 77–79). Also there is indirect evidence from many different groups suggesting that CRP is causally related to CVD. For example CRP is detected in human atherosclerotic lesions (80–84) and it can activate human endothelial cells (82, 85, 86). The evidence from transgenic animals is equally confusing, with some studies (including some of our own) indicating human CRP might be pathogenic in CVD (87–90) whereas others indicating it is not (91, 92). While the exact contribution of CRP to human CVD remains equivocal and the debate still rages (93), the current authors will not be surprised if future placebo-controlled double-blind studies showed that CRP contributes to the pathophysiology of human CVD.

Causal or not, it has long been accepted that elevated CRP marks the presence of disease. If in certain cases elevated CRP worsens disease, then lowering CRP levels might lead to improvement. CRP lowering can be achieved by lifestyle changes (94) or by targeting inflammatory cytokines [e.g. see (28, 95)], but until recently there was no way to directly and selectively target CRP. This was the major impediment to clinical trials designed to directly test the possible benefits of CRP lowering. Over the last decades several groups have developed approaches to overcome this nagging problem. For example Pepys’ group developed a small molecule inhibitor of CRP (1,6-bis(phosphocholine)-hexane) that they tested in a preclinical rat model (96). The compound works by crosslinking two CRP molecules, thereby blocking its ability to bind endogenous ligands while increasing its clearance from the blood. In rats that had received injections of human CRP prior to ligation of their coronary arteries, the signs of subsequent MI were worsened, indicating that human CRP exacerbates MI. Co-administration of human CRP plus 1,6-bis(phosphocholine)-hexane ablated the exacerbating influence of human CRP (96). This study underscored for the first time the promise of inhibiting CRP as a new approach for cardio-protection in acute MI. Our own group also recently tested a different method of CRP lowering that relies on an antisense oligonucleotide (ASO) (3). ASOs have been shown to be highly effective at promoting the selective degradation of their target mRNAs and to have minimal off-target effects, and several ASOs have already been approved by the United States Food and Drug Administration for use in a variety of disease settings (97, 98). Since CRP is synthesized in the liver and ASOs have a propensity to accumulate in the liver (99), we designed ASOs to selectively target CRP mRNA and thereby efficiently reduce blood CRP. We showed that a human CRP-specific ASO was effective at lowering baseline CRP and was well-tolerated in healthy volunteers (100), and subsequently others showed that a human CRP-specific ASO attenuated CRP elevation (up to 69% compared to placebo) in humans challenged with endotoxin (101). Using species-specific CRP-targeting ASOs we showed the approach was also efficacious in rats and mice subjected to experimentally induced MI (89, 90, 102). Specifically, the rat CRP-specific ASO achieved a >60% reduction of rat blood CRP levels and improved their heart function and pathology following MI, and treating human CRP transgenic mice with a human CRP-specific ASO reduced blood human CRP by >70%. A third approach to CRP lowering is selective apheresis, which has recently been tested with some success in a small number of patients suffering from MI (103, 104) and with mixed results in patients with COVID-19 (105).



Blood C-Reactive Protein Lowering as a Therapeutic for Other Diseases?

Using our human CRP transgenic (CRPtg) and CRP knockout (CRP−/−) mice we have investigated the contribution of CRP in a wide variety of other diseases and, as in the case of CVD, have often observed a beneficial effect of CRP lowering. For example, in mice subjected to surgery-induced bilateral renal ischemia/reperfusion (I/R) injury, a procedure that faithfully mimics acute kidney injury (AKI) in humans receiving kidney transplants, we showed that CRP contributes to the pathogenesis of AKI. Essentially compared to wild type mice, CRPtg had worse outcomes after renal I/R whereas CRP−/− were relatively resistant (106). Following I/R surgery CRPtg showed more disruption of their renal tubules and they had increased urine albumin and serum creatinine compared to wild type. To our surprise these exacerbating effects of CRP were accompanied by increased renal infiltration of myeloid derived cells with suppressor functions (MDSCs; primarily polymorphonuclear PMN-MDSCs) (106, 107). In contrast in the kidneys of CRP−/− that had undergone renal I/R only a few PMN-MDSCs were found. In other experiments we established that CRP can selectively promote the expansion of MDSCs from mouse bone marrow progenitors and increase their suppressive function (i.e. their ability to inhibit T cell proliferation) (31). We conducted other experiments and found that MDSCs directly impact primary renal tubular epithelial cells (RTEC), i.e. in co-cultures MDSCs impaired the ability of RTECs to cycle through S-phase even in the absence of cell-cell contact (unpublished data). The combined findings suggest that CRP potentiates the expansion of MDSCs during AKI, likely by selectively promoting their expansion from bone marrow progenitors. By suppressing cell cycling, the kidney infiltrating MDSCs initiate a deleterious progression of events: the impairment of RTEC proliferation consequently impedes RTEC recovery and thus the restoration of normal tubular architecture, ultimately setting the stage for maladaptive repair and chronic kidney disease. Importantly, we also showed that treating CRPtg mice with the human CRP-specific ASO prior to I/R surgery lowered CRP, drastically reduced renal MDSC infiltration, and alleviated AKI (107). Subsequently we established that CRP also enables human neutrophils to manifest T cell suppressive actions (31). Based on these translational findings we think it is likely that therapeutic lowering of CRP might be of benefit in recipients of kidney transplants. We also tested the influence of CRP lowering therapy in the context of an animal model of rheumatoid arthritis (RA), i.e. collagen-induced arthritis (CIA). Thus Jones et al. (108) showed that development of CIA is delayed in CRPtg and accelerated in CRP−/−, suggesting that during onset and development of disease CRP plays a protective role. On the other hand, when CRPtg with established CIA (clinical score of ≥ 2) were treated with the human CRP-specific ASO they showed less inflammation and improvement of CIA symptoms (100). The protective effect of CRP during onset of disease might reflect the ability of CRP to impair dendritic cell functions while at the same time promote MDSC suppressive activity (30, 31), culminating in a delayed autoimmune response. Conversely, the detrimental effect of CRP seen during active CIA is likely because of its complement activating potential (1). These observations underscore that if CRP lowering is used as a therapy, the timing of CRP lowering will likely be of paramount importance. Indeed this ‘timing effect’ may be the reason why, despite effective CRP lowering, no improvement in symptoms was observed in patients with active RA treated with a CRP-specific ASO (109).



Something to Think About: Blood C-Reactive Protein Lowering in Cancer?

Despite the success of immunotherapies (e.g. checkpoint inhibitors) to treat solid tumors, there still is a significant fraction of cancer patients that experience no benefit or only a short remission after immunotherapy. Immunotherapy is based on a two pronged approach: 1) boosting the endogenous T cell anti-tumor response to overcome antigen escape and T cell exhaustion (110) and 2) modulating intra-tumoral MDSCs (111). Population studies have established that high CRP levels associate with increased cancer risk (112–114), increased cancer progression (8), and increased cancer mortality (115, 116), and in many cases CRP has been shown to be an independent prognostic factor for cancer (117–122). Given our finding that CRP reprograms myeloid cells we therefore think that cancer might represent a promising opportunity for beneficial CRP lowering, i.e. reducing blood CRP levels should result in fewer MDSCs and a less immunosuppressive tumor microenvironment, thereby potentiating anti-tumor T cell responses. As discussed earlier, our data showed that CRP is an enhancer of MDSC generation and suppressive function and CRP can also inhibit dendritic cell function; therefore we predict that compared to wild type mice, CRPtg should have more MDSCs and more tumor burden while the inverse should be seen in CRP−/− mice. Indeed in pilot studies (unpublished data) using an E0771 orthotopic breast cancer model, we observed CRP−/− had lower tumor burden and lower frequencies of tumor- and spleen-infiltrating MDSCs compared to CRPtg and wild type. These preliminary observations hint at the possibility that CRP contributes to MDSC generation and their eventual infiltration into tumors. Yet to be explored is whether CRP within the tumor microenvironment impedes the anti-tumor response directly (i.e. by inhibiting T cells per se) or indirectly (i.e. by promoting MDSCs). However, based on our previous observations that the CRP ASO decreased MDSC infiltration into I/R injured kidneys and that tumor challenged CRP−/− mice had decreased intra-tumor MDSCs, we predict that a CRP-specific ASO should decrease CRP-driven MDSC infiltration into tumors. Targeted lowering of CRP should simultaneously allow for the maturation of tumor-reactive dendritic cells, which in turn would stimulate tumor-reactive T cell responses.




Summary

Since its discovery nearly a century ago much has been explored and written about CRP’s association with disease, and consequently CRP’s role as a marker of inflammation is solidly established. That being said, CRP is more than just a marker of inflammation, i.e. it did not evolve nor was it maintained by natural selection to provide a faithful indication that something is amiss with a patient. In the last decades evidence has steadily been building that CRP contributes to the maintenance of health and the propagation of some diseases, and for the first time specific CRP lowering is achievable. Therefore the time has come we think, for the biological activities of CRP and therapeutic lowering of CRP to be brought to the forefront in the clinical care setting. Like any therapy CRP lowering might have some untoward effects (e.g. it might increase the risk of infection), nevertheless the time for a placebo-controlled double-blind case-controlled clinical trial of CRP lowering therapy may have finally arrived.
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Elements of the immune system particularly that of innate immunity, play important roles beyond their traditional tasks in host defense, including manifold roles in the nervous system. Complement-mediated synaptic pruning is essential in the developing and healthy functioning brain and becomes aberrant in neurodegenerative disorders. C1q, component of the classical complement pathway, plays a central role in tagging synapses for elimination; however, the underlying molecular mechanisms and interaction partners are mostly unknown. Neuronal pentraxins (NPs) are involved in synapse formation and plasticity, moreover, NP1 contributes to cell death and neurodegeneration under adverse conditions. Here, we investigated the potential interaction between C1q and NPs, and its role in microglial phagocytosis of synapses in adult mice. We verified in vitro that NPs interact with C1q, as well as activate the complement system. Flow cytometry, immunostaining and co-immunoprecipitation showed that synapse-bound C1q colocalizes and interacts with NPs. High-resolution confocal microscopy revealed that microglia-surrounded C1q-tagged synapses are NP1 positive. We have also observed the synaptic occurrence of C4 suggesting that activation of the classical pathway cannot be ruled out in synaptic plasticity in healthy adult animals. In summary, our results indicate that NPs play a regulatory role in the synaptic function of C1q. Whether this role can be intensified upon pathological conditions, such as in Alzheimer’s disease, is to be disclosed.




Keywords: synaptic pruning, neuronal pentraxin, complement component C1q, synaptosome, flow cytometry, immunostaining, complement classical pathway, microglial phagocytosis



Introduction

Complement components and pentraxins represent major humoral factors of the innate immune system, that often in collaboration play important roles in host defense, removal of dead cells, and several other physiological processes (1–4). In addition to acting systemically, complement and pentraxins are integral part of the neuroimmune axis and are involved in neurodegenerative diseases.

In the healthy brain, synaptic pruning is tightly regulated, primarily guided by an inherent developmental program and neuronal activity, persistently sculpting the global synaptic network suitable for optimal functioning. Maladaptive synaptic connectivity is usually a core component in the pathology of central nervous system (CNS) diseases, such as autism spectrum disorders (5) and schizophrenia (6). Moreover, excessive synapse loss is the hallmark of Alzheimer’s disease and other dementias (7, 8). A set of delicately regulated molecular machinery has evolved, having neuronal or non-neuronal origin, to tailor proper synaptogenesis and synapse elimination. Among them, a continuously growing body of evidence raises the role of the local complement system in synaptic pruning (9). Secreted microglial complement components C1q and C3b are deposited onto synapses to be eliminated leading to their recognition and engulfment by surrounding microglia (10, 11) in a yet not fully understood manner. Disturbances in complement-dependent synaptic pruning are in a causal relationship with the development of neurodegenerative disorders, schizophrenia, and epilepsy (5–8, 12), and recently reviewed by Tenner et al. (13), pointing out that properly functioning complement-mediated synapse elimination is indispensable for normal CNS functions. Even in adults, synapses are dynamically formed and eliminated as part of synaptic plasticity and linked to memory and learning. It is known that synaptic turnover can occur at high rates in adulthood (14). The average lifetime of synapses show large variety (15–17); synapses are constantly renewed, and thus it is relevant to carry out studies on adult mice.

Very little is currently known about the interaction partners of the initial complement component C1q in the CNS, especially on the synaptic surface that might drive synapse recognition. Earlier, we have shown in adult mice that C1q-tagging of synapses is linked to local apoptotic-like processes such as phosphatidylserine externalization (18), which has been recently pointed out as a key factor in developmental synaptic pruning by microglia (19). Nevertheless, members of the family of neuronal pentraxins (NPs) are suggested to be potential binding partners of C1q (20) because they share substantial structural homology with acute-phase immune proteins and well-known C1q binding partners: pentraxin 3 (PTX3) from the long-pentraxin family (21), the short-pentraxin C-reactive protein and serum amyloid P component (22). Intriguingly, mice lacking NP expression show defective synaptic refinement in the developing visual system (23), which is reminiscent of the deficits in input segregation described in C1q knock-out mice (10). NPs comprising NP1 and NP2, together with the neuronal pentraxin receptor (NPR) are abundantly present in the synaptic compartment and play a vital role in maintaining synaptic transmission and synaptic strength. Previous studies have established that NPs act via forming a large complex with each other and the AMPA-type glutamate receptors, thereby clustering on postsynaptic membranes of excitatory synapses (24, 25). Through their AMPA-receptor binding capabilities, NPs have emerged as potent regulators of excitatory synaptogenesis (26), functional synapse conversion (27), and synaptic plasticity (25, 28). Presynaptic release of NP2 from excitatory axon terminals is neuronal activity-dependent (29–31), and its secretion aids the homeostatic fine-tuning of synaptic transmission in local neuronal networks (32). On the other hand, it has been reported that NP1 acts in neuronal activity-independent manner, and its hetero-oligomers with NP2 exhibit higher clustering activity on AMPA-receptor than NP1 homo-oligomers (25). Apparently in contrast to its neuronal activity-independent synaptogenic roles, NP1 also contributes to neuronal cell death and neurodegeneration under adverse conditions in an activation dependent manner. During low neuronal activity, increased NP1 expression is evoked, triggering apoptotic neuronal cell death (33) mediated by glycogen synthase kinase-3 (Gsk3) activity (34), and involved in the mitochondrial accumulation of the pro-apoptotic BAX (35). Similarly, NP1 promotes neuronal cell death under hypoxic–ischemic conditions (36) and might be an important player in the pathomechanism of neurotoxic amyloid-beta-induced synapse loss, neurite damage, and cell death (37).

In sum, NPs are involved in synapse formation and plasticity; moreover, NP1 also serves as a neuronal mediator of harmful external stimuli directing affected neurons to apoptosis. In spite of the huge impact of both the complement and NPs on the synaptic network and their assumed binding capabilities to each other, it remained elusive whether their synaptic functions converge. Therefore, in this study, we systematically examined the potential interaction between C1q and NPs, particularly in the synaptic compartment in adult, wild-type mice. Moreover, we studied whether their interaction plays a role in the microglial phagocytosis of C1q-tagged synapses.



Materials and Methods


Animals

The experiments were conducted on in-house bred 6–8 months old male C57BL/6N mice. Animals were housed under standard laboratory conditions (12:12 h light–dark cycle with free access to water and food).



Antibodies Used in This Study

AB1: anti-mouse synaptophysin (#101 006, Synaptic Systems, Göttingen, Germany); AB2: anti-mouse cytochrome c oxidase subunit 4 (Cox4, #sc-58348, Santa Cruz Biotechnology, Dallas, TX, USA (Santa Cruz)); AB3: anti-mouse actin-β (#AC026, Abclonal, Woburn, MA, USA); AB4: anti-mouse postsynaptic density protein 95 (Psd95, #MA1-045, Thermo Fisher Scientific (Thermo)); AB5: anti-mouse L-lactate dehydrogenase B (Ldhb, #PAB69Mu01, Cloude-Clone Corp.; Katy, TX, USA), AB6: anti-human and mouse neuronal pentraxin 1 (#20656-1-AP, Proteintech, Rosemont, IL, USA); AB7: anti-human and mouse neuronal pentraxin 2 (#sc-166035, Santa Cruz); AB8: anti-rabbit Alexa Fluor 488-conjugated (#711-545-152, Jackson ImmunoResearch Laboratories, West Grove, PA, USA (Jackson)); AB9: anti-mouse Alexa Fluor 647-conjugated (#715-605-151, Jackson); AB10: anti-human C1qb antibody (#H00000713-D01P, Abnova, Taipei, Taiwan); AB11: anti-mouse secondary antibody, HRP-conjugated (#715-035-150, Jackson), AB12: anti-His-tag antibody (#MA1-21315, Thermo), AB13: anti-human C4BP antibody (#MCA2609, Bio-Rad); AB14: anti-human C4 (A305, Quidel, San Diego, CA, USA); AB15: anti-goat HRP-conjugated (#P0449, Dako, Agilent, Santa Clara, CA, USA); AB16: anti-human neuronal pentraxin 1 (#STJ73037; St John’s Laboratory, London, UK); AB17: anti-human and mouse C1qA (#PAD207Mu01; Cloud-Clone Corp.); AB18: anti-goat Alexa Fluor 488-conjugated (#705-545-147; Jackson); AB19: anti-mouse Alexa Fluor 488-conjugated (#715-545-151, Jackson); AB20: anti-rabbit Alexa Fluor 647-conjugated (1:500 dilution; catalogue number: 715-605-151; Jackson), AB21: anti-mouse C1qA (# AB172451; Abcam, Cambridge, UK); AB22: anti-mouse Iba1 (#234 004, Synaptic Systems); AB23: anti-mouse Alexa Fluor 594-conjugated (#715-585-150, Jackson); AB24: anti-rabbit Cy3-conjugated (#711-165-152; Jackson); AB25: anti-chicken Cy5-conjugated (#703-175-155; Jackson); AB26: anti-guinea pig Alexa Fluor 488-conjugated (#706-545-148; Jackson); AB27: anti-human and mouse neuronal pentraxin 2 (# 10889-1-AP; Proteintech); AB28: anti-mouse synaptophysin (#ab8049; Abcam); AB29: anti-mouse MAP2 (# ab5392; Abcam); AB30: anti-chicken Cy3-conjugated (#703-165-155; Jackson); AB31: rabbit isotype control (#02-6102, Thermo); AB32: mouse isotype control (Mopc, BioLegend); AB33: anti-C4 (#PAA888Mu01, Cloud-Clone Corp.). Dilutions are shown in the descriptions of the corresponding methods.



Primary Neuronal Culture

Primary neuronal cell culture was prepared from the cerebral cortices of mice on embryonic days 17–18 (E17–18). Subsequent to the euthanasia of the mother via cervical dislocation, E17–18 embryos were removed, and their cerebral cortices were collected free from meninges under aseptic conditions according to Mórotz et al. (38). After culturing the primary neurons for 14 days in vitro, the cell culture was subjected to immunofluorescence labeling (see the protocol below).



Isolated and Recombinant Proteins

Recombinant human His-tagged NP1 and NP2 proteins were purchased from R&D Systems (Minneapolis, MN, USA; catalog numbers: 7707-NP-050 and 7816-NP-050). Factor H (FH) (catalog number: 341274) and human C1 (catalog number: 204873) were purchase from Merck Millipore (Billerica, MA, USA). The C1q was isolated from mouse serum in-house according to Györffy et al. (18), and His-tagged human PTX3 was prepared in-house (see below).



Western Blotting

Protein samples were completed with an equal volume of reducing 2× Laemmli buffer, incubated at 96 °C for 5 min, and subjected to SDS-PAGE using 10% (w/v) polyacrylamide gels in all experiments. After separation, proteins were blotted to PVDF membranes at 100 mA for 1 h and then blocked with 5% (w/v) bovine serum albumin (BSA) in 0.1% (v/v) Tween-20, Tris-buffered saline (TBS-T) for 1 h at room temperature (RT). Membranes were incubated in blocking buffer overnight at 4 °C with primary antibodies as follows: either anti-Syp (AB1, 1:500), anti-Cox4 (AB2, 1:500), anti-actin-β (AB3, 1:10,000), anti-Psd95 (AB4, 1:1500), anti-Ldhb (AB5, 1:1,000), anti-NP1 (AB6, 1:1,000), or anti-NP2 (AB7, 1:1,000). Subsequently, blots were incubated in TBS-T for 2 h at RT with the proper secondary antibodies: either anti-rabbit Alexa Fluor 488-conjugated (AB8, 1:1,000) or, anti-mouse Alexa Fluor 647-conjugated (AB9, 1:1,000) antibody. Fluorescence of protein bands was detected with a Typhoon Trio+ scanner (Amersham Biosciences, Little Chalfont, UK).



Plasmid, Transfection, and Cell Culture

The entire coding sequence of the human PTX3 cDNA (1,146 bp) was cloned into the BamHI and EcoRI sites of pPTX plasmid (modified pcDNA3.1+). The PTX3 construct contained His6-tag at the C terminus.

HEK-293 H cells, a kind gift of Árpád Mike (Eötvös Loránd University, Budapest, Hungary), were grown in ProCHO5 medium at 37 °C in a humidified incubator with 5% CO2/95% air. To generate a stable cell line, we transfected cells with a plasmid containing the human pentraxin 3 gene using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA). Typically, 7 μg of DNA and 10 μl of Lipofectamine 3000 were used per T 25 cell culture flask. Geneticin (catalog number: 10131027, Thermo Fisher Scientific) was used as a selection marker. We started at 200 μg/ml protein concentration, and every second or third day, we duplicated the dose up to 1 mg/ml. PTX3 expression of the heterologous stable cell line was detected by Western blotting. Restriction and DNA modification enzymes, DNA and protein molecular weight standards were purchased from Thermo Fisher Scientific (Waltham, MA, USA).



Nickel Affinity and Anion Exchange Chromatography

PTX3 was purified by Ni2+-affinity chromatography (Profinity IMAC Resin, Bio-Rad, Hercules, CA, USA). The column was equilibrated with a buffer containing 20 mM Tris, 300 mM NaCl, and 10 mM imidazole, pH 8. After incubating the cell lysate on the column, PTX3 was eluted using the same buffer supplemented with 500 mM imidazole. After dialyzing PTX3-containing fractions against 20 mM Tris pH 8 buffer containing 300 mM NaCl, samples were loaded on anion-exchange column (HiTrap Q HP, GE Healthcare, Chicago, IL, USA) equilibrated with the same Tris buffer. The protein was eluted by a linear NaCl gradient (300–1000 mM). In each purification step, the PTX3 content of the fractions was tested by Western blotting.



Microtiter Plate Binding Assays

Costar microtiter plates (Corning, Corning, NY, USA) were coated with either NP1, NP2, or PTX3 (10 µg/ml) in phosphate-buffered saline (PBS) overnight at 4 °C. After blocking with 4% (w/v) BSA in 0.05% (v/v) Tween-20, PBS (PBS-T) for 1 h at RT, wells were incubated with C1q (5.6–45 µg/ml) diluted in PBS for 1 h at RT. The wells were washed with PBS-T and bound C1q was recognized via incubation with anti-C1qb antibody (AB10, 1:1000) in blocking solution for 1 h at RT. After washing with PBS-T, wells were incubated with HRP-conjugated anti-mouse secondary antibody (AB11, 1:8,000) in PBS-T for 45 min at RT. 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (catalog number: 34028, Thermo Fisher Scientific) level was measured at 450 nm. To investigate whether pentraxins can bind to the C1 complex, FH, or C4b-binding protein (C4BP), microtiter plate binding assays were performed essentially as described above. Wells were coated with either C1 (5 µg/ml) or FH (10 μg/ml) and, after the blocking, incubated with neuronal pentraxins. For C1, 3.7–30 µg/ml NP1 and NP2, and 1.8–15 µg/ml PTX3 were used and for FH, 2.5–20 µg/ml NP1 and NP2 and 1.2–10 µg/ml PTX3 were used. To detect bound pentraxins, wells were incubated with an anti-His-tag antibody (AB12, 1:1,000) in blocking solution for 1 h at RT, and the signal was detected as described above. For C4BP, equal concentrations (10 µg/ml) of NP1, NP2, and PTX3 were coated and were blocked with 4% (w/v) BSA in PBS-T for 1 h at RT. Then wells were incubated with 6.2–100 µg/ml C4BP. To detect bound C4BPs, wells were incubated with an anti-C4BP antibody (AB13, 1:1000) in blocking solution for 1 h at RT, and the signal was detected as described above.



Complement Activation Assays

We investigated complement cascade activation by neuronal pentraxins via the classical pathway. Nunc microplates (Thermo Fisher Scientific) were coated with either NP1, NP2, or PTX3 (10 µg/ml) and blocked with 4% (w/v) BSA in PBS-T for 1 h at RT. Next, wells were incubated with 2% (v/v) normal or C1q-depleted human serum (catalog number: 234401, Sigma-Aldrich, Saint Louis, MO, USA) in PBS containing Ca2+/Mg2+ (catalog number: 14040-091, Thermo Fisher Scientific) supplemented either with 20 mM EDTA or EDTA-free for 30 min at 37 °C. Complement activation was detected by quantifying the deposited C4b using anti-C4 primary (AB14, 1:1,000) and anti-goat HRP-conjugated (AB15, 1:2,000) secondary antibody.



Subcellular Fractionation

After urethane anesthesia, mice were transcardially perfused with ice-cold PBS to exclude potentially interfering effects of blood-derived C1q. Then mice were decapitated, and their brains were quickly removed. Fractionation of subcellular compartments was started immediately after brain removal. The fraction of cortical synaptosomes was prepared as described in Hahn et al., 2009 (39). Briefly, the cerebral cortex samples were mechanically homogenized in a sucrose-based, iso-osmotic medium. Subsequently, a discontinuous density gradient was prepared, an ultracentrifugation step was applied, and the highly pure fraction of synaptosomes was collected from the interface between the two layers with different densities [validated in Györffy et al. (18)]. Synaptosome samples were either fractionated further immediately to obtain sub-synaptic compartments or kept at 4 °C for up to 16 h for immunolabeling.

A sub-synaptic fractionation procedure was applied to the synaptosomes prepared from the whole brains of mice in order to separate the compartments of synaptic plasma membrane, synaptic cytoplasm, and synaptic mitochondria in the required amounts of downstream investigations. Our aim was to unveil the distribution of NP1 and NP2 proteins among these sub-synaptic compartments. To this end, we performed the protocol described in Bermejo et al., 2014 with minor modifications (40). In brief, isolated synaptosomes were ruptured by exposure to hypo-osmotic conditions for 30 min at 4 °C and mechanical homogenization with a glass tissue homogenizer to enable complete lysis of the synaptosomes. After an ultracentrifugation step (25,000 × g, 20 min), the supernatant was collected designated as the cytoplasmic compartment comprising the soluble protein content and the synaptic vesicle fraction of the synaptosomes, and devoid of plasma membrane-attached insoluble supramolecular complexes (e.g., the post-synaptic density). The pellet was resuspended, layered on top of a discontinuous sucrose density gradient, and ultracentrifuged (150,000 × g, 2 h). The synaptic plasma membrane fraction was collected from the lowest interface, while the synaptic mitochondrial fraction was recovered from the pellet via solubilization in 2× Laemmli buffer. The synaptic plasma membrane was pelleted by ultracentrifugation (200,000 × g, 30 min) and solubilized in 2× Laemmli buffer as well. Finally, proteins of the synaptic cytoplasmic compartment were acetone-precipitated and solubilized in the same denaturing buffer. Fractions were stored at −80 °C until further use.

The purity of the sub-synaptic compartment fractions was evaluated using compartment-specific protein markers. We have chosen postsynaptic density protein 95 (Psd95) localized only in the insoluble, membrane-bound postsynaptic protein scaffold and showing marked enrichment in the synaptic plasma membrane fraction (40). L-lactate dehydrogenase B chain (Ldhb) and cytochrome c oxidase subunit 4 (Cox4) were used exclusively as cytoplasmic (41), and mitochondria-specific (42) proteins, respectively. In each fraction, Psd95, Ldhb, and Cox4 levels were quantified after Western blotting via densitometry, and the composition of every fraction was assessed based on their relative amount in the lysates. A system of linear equations was formulated where x, y, and z variables represented the synaptic plasma membrane, cytoplasm and mitochondrial content of each fraction, respectively, and experimentally detected NP fluorescence intensity levels were paired with the corresponding fractions. Solving the equations revealed the NP levels for each type of sub-synaptic compartment. Statistically significant differences in the levels of NPs between the different compartments were determined using one-way repeated measures ANOVA. In case of statistically significant difference between any of the investigated groups, the Bonferroni post hoc test was employed.



Immunolabeling of Synaptosomes and Flow Cytometry

Immunolabeling of synaptosome fraction and analysis via flow cytometry were carried out as described previously (18) with minor modifications. In brief, synaptosomes were gently fixed with 0.25% (w/v) formaldehyde in sucrose-Tris buffer (320 mM sucrose, 5 mM Tris, pH 7.4). This iso-osmotic buffer possessing low ionic strength is fundamental for preventing synaptosome-aggregation (43). On the other hand, we omitted EDTA from the traditional sucrose-EDTA-Tris buffer (18, 43) in order to prevent deterioration of target-binding capabilities of C1q (44). After blocking aspecific interactions with 1% (w/v) BSA in sucrose-Tris buffer, the samples were incubated with either anti-neuronal pentraxin 1 (AB 16, 1:100) or anti-neuronal pentraxin 2 (AB7, 1:100), with or without anti-C1qA (AB17, 1:100) primary antibodies for 60 min at RT. After washing, either anti-goat Alexa Fluor 488-conjugated (AB18, 1:500) or anti-mouse Alexa Fluor 488-conjugated (AB19, 1:500) with or without anti-rabbit Alexa Fluor 647 (AB20, 1:500) secondary antibodies were applied for 45 min at RT to detect NP1, NP2, and C1qA, respectively. Finally, samples were extensively washed and then filtered through a 5.0-µm Durapore membrane filter (Merck Millipore).

Flow cytometry analysis of fluorescently immunolabeled synaptosomes was carried out as described earlier (18) using a BD FACSAria III sorter (BD Biosciences, San Jose, CA, USA) coupled with BD FACSDiva software (BD Biosciences). Gating was set the way it resulted 1% false positive for secondary control sample. For testing the viability of synaptosomes and validating the exclusive binding of antibodies to the synaptic surface, calcein-AM labeling (Thermo Fisher Scientific) was applied following the manufacturer’s instructions. Calcein labeling was done separately, and the calcein-labeled samples went through the same procedure as the antibody-labeled samples.



Immunofluorescence Staining of Mouse Brain Sections

Urethane-anesthetized mice were transcardially perfused with ice-cold 0.1 M phosphate buffer (PB), pH 7.4, and subsequently, with 2% (w/v) formaldehyde, 0.1 M PB. After perfusion, the brains were removed and post-fixed for an additional 3 h using the same fixative solution at RT. After the washing steps with 0.1 M PB, 60 µm-thick, sagittal brain sections were produced using a vibratome, which was followed by additional extensive washing with 0.1 M PB. For the immunostaining, sections were washed first with TBS and then incubated in a blocking buffer (150 mM NaCl, 50 mM Tris, 100 mM L-lysine, 3% (w/v) BSA, pH 7.4) for 45 min at RT. Subsequently, brain sections were incubated in primary antibody buffer (150 mM NaCl, 50 mM Tris, 100 mM L-lysine, 1% (w/v) BSA, pH 7.4) containing either anti-neuronal pentraxin 1 (AB16, 1:100) or anti-neuronal pentraxin 2 (AB7, 1:50) together with anti-C1qA (AB21, 1:1,000), and anti-synaptophysin (AB1, 1:500) primary antibodies for 3 days at 4 °C. A group of brain sections was also labeled with anti-Iba1 (AB22, 1:200) primary antibody, as well. After washing with TBS, sections were incubated for 3 h at RT with either anti-goat Alexa Fluor 488-conjugated (AB18, 1:400), anti-mouse Alexa Fluor 594-conjugated (AB23, 1:400), together with anti-rabbit Cy3-conjugated (AB24, 1:400) and anti-chicken Cy5-conjugated (AB25, 1:400) secondary antibodies to detect NP1, NP2, C1q, and synaptophysin (Syp), respectively. For Iba1 (Ionized calcium-binding adapter molecule 1) detection, anti-guinea pig Alexa Fluor 488-conjugated (AB26, 1:400) secondary antibody was used. For C4 staining, brain sections were labeled with anti-C4 (AB33, 1:100) antibody and anti-synaptophysin (AB1, 1:500) primary antibodies for three days at 4 °C. Labeling with secondary antibodies was similar as above using anti-rabbit Alexa Fluor 488-conjugated (AB8, 1:400), together with anti-chicken Cy3-conjugated (AB30, 1:400) secondary antibodies to detect C4 and synaptophysin (Syp), respectively.

Immunostained sections were washed with TBS, mounted on glass slides using Aqua-Poly/Mount medium (catalog number: 18606-20; Polysciences, Warrington, PA, USA), and the slides were covered with cover glass (catalog number: CS2440100, Menzel Gläser, No. 1).



Immunofluorescence Staining of Mouse Primary Cortical Neurons

The glass coverslips with primary neurons were incubated in PBS and subsequently, fixed with 4% (w/v) formaldehyde at RT for 15 min and washed with PBS three times. We incubated the coverslips in blocking buffer (PBS containing 0.3% (v/v) Triton X-100, 3% (w/v) BSA, pH 7.4) at RT for 1 h. Subsequently, coverslips were incubated in primary antibody buffer (PBS containing 0.3% (v/v) Triton X-100, 3% (w/v) BSA, pH 7.4) containing either anti-neuronal pentraxin 1 (AB16, 1:1,000) or anti-neuronal pentraxin 2 (AB27, 1:100) together with anti-synaptophysin (AB28, 1:100) and anti-MAP2 (AB29, 1:10,000) O/N at 4 °C. After extensive washing with PBS, coverslips were incubated for 1.5 h at RT with either anti-goat Alexa Fluor 488-conjugated (AB18, 1:800) or anti-rabbit Alexa Fluor 488-conjugated (AB8, 1:800), together with anti-chicken Cy3-conjugated (AB30, 1:800), and anti-mouse Alexa Fluor 647-conjugated (AB9, 1:800) secondary antibodies to detect NP1, NP2, MAP2 (microtubule-associated protein 2), and Syp, respectively. Immunostained coverslips were washed with PBS and mounted on glass slides using Aqua-Poly/Mount medium (catalog number: 18606-20; Polysciences).



High-Resolution Confocal Microscopy and Image Analysis

Leica HyVolution 2 pseudo-super-resolution imaging was performed by a Leica TCS SP8 STED microscope using a Leica HC PL APO 100× STED white (1.4 NA) objective (Leica Microsystems, Wetzlar, Germany). The fluorescence of each dye was detected sequentially by using a hybrid detector and spectral detections. When three-labeled samples were imaged, the fluorescence of Alexa Fluor 488, Cy3, and Cy5 dyes were detected between 500–544 nm, 562–602 nm and 650–700 nm wavelengths at 488, 552, and 638 nm excitations, respectively. In the case of the samples with four labels, we used 488 nm (for Alexa Fluor 488), 552 nm (for Cy3 and Alexa Fluor 594) as well as 638 nm (for Alexa Fluor 647) wavelength lasers, and 504–546 nm, 589–614 nm, 630–652 nm, and 658–700 nm emission filters, respectively. Huygens Pro deconvolution software was used for image restoration and Leica LAS X 3.1.1 software was used for image analysis. The lateral dimensions of the acquired images were ~50 × 50 µm, whereas the axial dimension was ~3 µm. To make the investigation unbiased, the 50 × 50 µm fields were randomly selected in the neuropil of the approximately 1,500 × 1,500 µm large somatosensory area. Eighteen 3D-images were collected from nine sections of three animals; each image was stacked in 15–25 planes.

Colocalization analysis was carried out using an automated high-throughput workflow specifically tailored to aid the reliable identification of immunolabeled proteins and assessment of the degree of their colocalization. This approach is based on the Fiji image-analysis platform [an extended version of the ImageJ program (45)] and on a combination of its suitable plugins. The herein described protocol enables the colocalization analysis of C1q, NP1/2, and Syp proteins, all of which are distributed on the brain sections as discrete spots (diameters <~1 µm in the XY plane]. Images were split according to the fluorescence channels, and individual images were subjected to image segmentation via a two-step process. First, local maxima of individual spots (peaks of fluorescence intensity within a predefined radius in the X, Y, and Z planes) were identified using the 3D Maxima Finder plugin. Subsequently, segmentation of spots was carried out employing the 3D Spot Segmentation plugin. In brief, after applying a “watershed” process on the original images, individual spots were segmented using both the original and local maxima images based on the “local mean” thresholding method. The threshold values were set between 5,000 and 7,000 in the 16 bit (0–65,535) intensity scale. Pairwise colocalization analyses between C1q, NP1/2, and Syp proteins were carried out using their corresponding segmented images. Objects-based analyses were performed using the JACoP [“Just Another Colocalization Plugin” (46)], working on distances between objects’ geometrical centers (centroids). Briefly, an ellipsoid was calculated around every centroid with the maximal lateral and axial sizes of 200 nm and 500 nm, respectively (approximating the point spread function of the object). Particles were considered colocalizing if their corresponding ellipsoids were overlapping in the 3D space. After the pairwise analyses, evaluation of colocalization was also implemented between those C1q and NP1/2 centroids that simultaneously showed colocalization with Syp centroids, as well. The latter examination revealed the degree of colocalization between synaptic C1q and NP1/2 proteins. We also tested whether the close proximity of synaptic C1q and NP1/2 proteins in overall was solely accidental consequently to their high abundance in the synapse-rich cerebral cortex. For this, we utilized the Distance Analysis (DiAna) plugin (47) to randomly shuffle in the 3D space the centroids of one of the channels before the pairwise comparison of the two channels and the calculation of the cumulative frequency distribution of the minimal center-to-center distances for an image. The Monte Carlo simulation was automatically performed 100-times, and the mean cumulative frequency distribution and its 95% confidence interval envelope were calculated for the shuffled images. As the cumulative frequency distribution of the observed minimal center-to-center distances was not normally distributed, we compared the difference between the observed distributions with the mean shuffled distribution using a non-parametric statistical approach. Thus, we employed the Wilcoxon signed-rank test, and compared the median of the observed cumulative frequency distribution with that of the corresponding mean shuffled distribution.

C4, NP1, and Syp colocalization analysis was performed by using the same method as described above.

Finally, we assessed the degree of colocalization of NP1/2 with C1q-colocalizing Syp spots within the microglia to address whether C1q-tagged eliminated synapses preferentially contain NPs or not. This analysis involved the identification of C1q- and NP1/2-colocalizing Syp centroids using the scheme described above. Microglial cells were reconstructed using microglial Iba1 staining and pixel intensity threshold-based image segmentation in Fiji. 3D-rendered reconstruction of the same stack of images created only for visualization purposes, using the 3D Viewer plugin of Fiji, displayed using its “Surface” function with a threshold set to either 100 (for C1q, NP1/2, and Syp) or 50 (for Iba1). Subsequently, the number of those C1q-colocalized Syp centroids that were overlapping with the Iba1 staining with or without NP1/2 proteins were evaluated using JACoP plugin’s centers-particles coincidence function.



Co-Immunoprecipitation

Co-immunoprecipitation experiments were performed to identify the direct or indirect interaction partners of synaptic NP1 and C1q. Cortical synaptosomes were lysed via mechanical homogenization with Sample Grinding Kit (catalog number: 80-6483-37, GE Healthcare), according to the manufacturer’s instructions, in TBS containing 1% (v/v) Triton X-100, 1 mM CaCl2, 1 mM MgCl2, supplemented with protease and phosphatase inhibitor cocktails (catalog numbers: P8340 and P5726, respectively, Sigma-Aldrich, Saint Louis, MO, USA) at 4 °C. Subsequently, lysates were pre-cleared with ProteinA/G Sepharose beads (catalog number: ab193262, Abcam) strictly following the manufacturer’s instructions, and incubated overnight at 4 °C with one of the primary antibodies as follows, depending on the experiment: anti-NP1 (AB6, 2 µg/sample), anti-C1qA (AB17, 2 µg/sample), rabbit isotype control (AB31, 2 µg/sample), mouse isotype control (AB32, 8 µg/sample). On the next day, samples were incubated with the beads for 1 h at 4 °C. Unbound proteins were completely removed after consecutive centrifugation steps, and then, captured proteins were eluted by incubating the beads at 96 °C for 5 min in 2× Laemmli buffer. The samples were run on SDS-PAGE, and the whole lanes were subjected to protein identification.



Mass Spectrometry-Based Protein Identification

Protein identification by mass spectrometry was carried out as described previously (48). Briefly, each gel-lane was cut to five pieces, and the proteins were reduced, alkylated, and in-gel digested with trypsin (sequencing grade modified, side chain protected porcine trypsin, Promega, Madison, WI, USA) following the protocol by Shevchenko et al. (49). The HPLC-MS/MS analysis of the tryptic peptide mixtures was performed using a nanoflow UHPLC system (Waters M-Class UPLC) coupled to an LTQ-Orbitrap Elite (Thermo Fisher Scientific, Bremen, Germany) fitted with a nanospray ion source. 5 µl of tryptic peptides was injected into a trap column and then separated on a reverse-phase nano column. The elution of the peptides to the emitter tip was achieved using a flow rate of 250 nl/min and a 36 min long gradient increasing from 10 to 40% of solvent B (solvent A was water containing 0.1% formic acid, and solvent B was acetonitrile containing 0.1% formic acid).




Results


Neuronal Pentraxins Bind to C1q and C1 and Activate the Classical Complement Pathway

The presumed interaction between NPs and C1q was first examined in vitro using recombinant proteins in a microtiter plate binding assay. NP1, NP2, and the positive control PTX3 were coated and then incubated with purified C1q. Confirming our initial assumption, C1q showed direct interaction with both NP1 and NP2 in a dose-dependent manner, comparable to the positive control PTX3 (Figure 1A). Our additional, reverse experiments showed the same binding characteristics between pentraxins and C1q when purified C1q was coated (Supplementary Datasheet 2). We addressed whether NPs could also bind to the entire C1 complex consisting of C1q and serine proteases C1r and C1s. Similar to the results above, dose-dependent binding of NPs and PTX3, as well, to C1 was observed using ELISA (Figure 1B). We further investigated if the demonstrated interactions are functional and strong enough to trigger activation of the classical pathway of the complement system. Thus, we coated NPs and conducted a complement activation assay using 2% normal and C1q-depleted human sera. According to Seelen et al., the 2% serum is sufficient to activate the classical pathway exclusively through C1q (50). Our results show that NPs are able to activate the classical pathway, measured as deposited C4 fragments in the presence of the C1 complex similar to the positive control Immunglobulin G (IgG) and PTX3. On the other hand, NPs, IgG, and PTX3 equally failed to activate the complement cascade in the absence of C1q from the serum indicating their contribution to complement activation via the classical pathway instead of the alternative or lectin routes (Figure 1C). Note that full recovery of complement activation was not observed using C1q-depleted serum with externally added C1q, in the assay utilizing neither the NPs, nor the positive control IgG and PTX3 proteins. Nevertheless, the added C1q substantially facilitated complement activation using all the investigated pentraxins and the IgG protein compared to the C1q-lacking condition.




Figure 1 | Interaction of neuronal pentraxins with C1q and C1 in vitro and activation of the complement classical pathway. (A) In an ELISA assay, NP1, NP2, and the positive control PTX3 were coated, and then, wells were incubated with purified C1q, and binding was detected with anti-C1q antibody. C1q showed direct interaction with both NP1 and NP2 in a dose-dependent manner, comparable to PTX3. Means ± SEM; n = 5. (B) Assay results with C1 complex immobilized. Recombinant NPs were detected with anti-His antibody and exhibited dose-dependent binding (representative experiment, Means ± SEM; n = 4.) Plots in (A, B) were fitted with hyperbolic function. (C) NP-dependent activation of the complement classical pathway was examined using microtiter plate binding assay. Neuronal pentraxins were able to activate the cascade in the presence of 2% serum, similarly to the positive controls (IgG and PTX3), as indicated by the deposition of C4 fragments, detected with anti-C4 antibody. In C1q-depleted serum, activation of the classical pathway by any of the investigated activators was dropped to baseline level. Supplementation of C1q-depleted 2% serum with purified C1q in the physiological concentration range (1.4 µg/ml) restored the activation. Columns represent the overall means ± SEM. Three biological replicates (each is a mean of two technical parallels) are also presented with hollow circles. The statistical analysis was two-sample t-test on normally distributed samples compared to the C1q-depleted respective samples (*p < 0.05, **p < 0.01, n = 3 biological replicates with two technical parallels).





Neuronal Pentraxins Bind C4BP and Factor H

Several host ligands bind C1q and thus activate complement, but soluble complement regulatory proteins C4BP and factor H bound at the same time limit complement activation to the C3 level (51). PTX3 is known to bind C4BP, an inhibitor of the classical pathway (52). We investigated the interaction of NPs with C4BP and found a dose-dependent binding profile similar to that of PTX3 (Supplementary Datasheet 2). Factor H, an inhibitor of the alternative pathway also bound NPs and PTX3 when it was coated to ELISA plate (Supplementary Datasheet 2).



NP1 Co-Immunoprecipitates With C1q in the Synaptic Lysate

After demonstrating the binding C1q to NPs in vitro, we investigated if the interaction could occur in vivo in the synaptic environment using co-immunoprecipitation followed by mass spectrometry-based protein identification. Using NP1-specific primary antibody, NP1 was pulled down together with NP2, all three chains of C1q (C1qA, C1qB, and C1qC), the pentraxin receptor (NPTXR), and in some samples, glutamate receptors Gria2 and Grm3. Co-immunoprecipitation using anti-C1qA antibody captured the other C1q chains C1qB and C1qC, while experiments using rabbit and mouse isotype control antibodies showed trace amounts of C1qB and C1qC chains (the results of mass spectrometry is attached as Supplementary Datasheet 1). Our results suggest that NP1 and C1q might be actual in vivo binding partners. The interaction of NP1 with NP2, NPTXR and the AMPA glutamate receptors detected in these experiments corroborates with earlier findings (24, 25).



Neuronal Pentraxins Are Present in Synapses of the Primary Neurons

To visualize the location of neuronal pentraxins along the neurons, we immunostained mouse cerebral cortical primary neurons. Pyramidal cell dendrites were visualized with MAP2, while individual synapses with Syp labeling. Experiments identified both NP1 and NP2 colocalizing with synapses in the primary neuronal cell culture. On the other hand, the multiple immunostaining also revealed that some synapses are not NP-positive along the dendrite. The distribution of these proteins suggests a differential function of NPs (Figure 2). It is known that NP1 and NP2 are mainly or even exclusively localized to excitatory synapses (26–28, 53, 54).




Figure 2 | Representative image of neuronal pentraxins along the axons. Mouse primary cortical neurons were immunostained for MAP2, Syp, and either NP1 or NP2. On the representative images, synaptic NPs are clearly apparent, whereas synapses without NP-staining are also visible. Solid circles show synaptophysin signals colocalized with either NP1 or NP2, while dashed circles show synapses, which do not contain the neuronal pentraxins.





C1q Is Exclusively Present on the Surface of NP1/2 Positive Synaptosomes

To test whether C1q and NPs colocalize in vivo in the intact synapse, we performed double immunolabeling of isolated synaptosomes for C1q and NP1/2 and carried out their subsequent flow cytometry analysis. Flow cytometry was conducted by following our rigorously validated and currently published protocol (18). Our data demonstrated that 10.85 ± 0.81% (mean ± SEM) of synaptosomes were tagged with C1q, and ~97% of them (10.49 ± 0.82% of the recorded synaptosomes) were labeled with the anti-NP1 antibody as well (Figure 3). In contrast, out of the 42.38 ± 3.20% NP1 positive synaptosomes, only one fourth (~24%) were C1q-positive (10.49% ± 0.82% of the synaptosomes were double-positive). In case of NP2, multiparametric analysis indicated a similar labeling pattern: 13.9 ± 0.5% (mean ± SEM) of synaptosomes were tagged with C1q, and ~97% of them (13.53 ± 0.5% of the synaptosomes) were labeled with the anti-NP2 antibody, as well (Figure 3). Summarizing our data, nearly all of the C1q-tagged synaptosomes contained extracellular NP1 and NP2, further strengthening our hypothesis that they can interact in vivo on the synaptic surface. On the other hand, a considerably high portion of NP1/2-positive synaptosomes (~75%) appeared C1q-untagged that could be explained by C1q-independent extracellular functions of NPs. Supplementary Datasheet 2 shows control measurements on non-labeled, only secondary antibody-labeled, only primary antibody-labeled samples, demonstrating that there was no spillover between the channels APC and FITC.




Figure 3 | Co-occurrence of the C1q-tag with NP1/2 on synaptosomes examined by flow cytometry. According to the gating criteria, C1q-labeled synaptosomes were almost exclusively (~97%) positive for NP1 (A) and NP2 (B). In contrast to C1q labeling, only ~24% of NP-labeled synaptosomes were positive for C1q. Density plots show representative measurements where the percentages of synaptosomes that belong to each quadrant were also indicated. The secondary antibody controls went through the same procedure as the fully labeled samples. Statistically significant differences were determined with two-tailed Student’s t-test of paired samples (Means ± SEM; n = 4 mice). To test the viability of synaptosomes, calcein-AM labeling was applied separately (Supplementary Datasheet 2).





Neuronal Pentraxin-1/2 Colocalize With C1q in the Synapses In Vivo

The high degree of the simultaneous synaptic presence does not necessarily imply that C1q and NPs are present close enough to each other to assume their physical binding. Thus, our next objective was to verify their in vivo synaptic colocalization at higher resolution via immunostaining of mouse cortical brain sections combined with pseudo-super-resolution confocal microscopy and automated image analysis. This approach permitted us to systematically and reliably evaluate the colocalization of C1q and NPs with the synaptic marker Syp, and ultimately, the level of colocalization between Syp-colocalized (synaptic) C1q and NPs. The first step of the image analysis was segmentation of C1q, NP1/2, and Syp fluorescent signals that resulted in 3D spot-like objects. Subsequently, positions of the objects were computationally identified based on the exact location of their centroids. Ellipsoids having 200 nm and 500 nm maximal lateral and axial sizes, respectively, were automatically drawn around every centroid, and objects with overlapping ellipsoids were considered colocalizing. Image analysis revealed that ~67 and ~44% of synaptic C1q colocalize with synaptic NP1 and NP2, respectively (Figure 4), supporting our prior results on their direct interaction. Importantly, it seems unlikely that merely the high abundance of synaptic C1q and NPs in the neuropil accounts for their strong colocalization, as segmented C1q objects shuffled randomly failed to exhibit a similarly close proximity to NPs (Figures 4C, D). Comparing the two NP species, it is interesting to note that microscopy data implies that rather the synaptic NP1 but not NP2 could be the preferable target of C1q. Although we observed a particularly high degree of synaptic colocalization between C1q and NPs with this approach, the results fall short compared to the flow cytometry data showing externally located NPs on ~97% of C1q-positive synaptosomes. This result may support the idea that not all the NPs detected on synaptosomal surfaces were C1q-bound because they possess C1q-independent functions (24, 25, 32, 55). In addition, flow cytometry analysis presumably showed a bias towards excitatory instead of inhibitory synapses as synaptosome fractions are generally enriched in excitatory synapses, which detach and reseal easier during the isolation process compared to inhibitory ones (10). In immunostaining of brain sections, there is no such difference. This methodical difference might also explain the dissimilarities between flow cytometry and immunostaining results, taking into account that NPs are exclusively located in the excitatory synapses (53) in contrast to C1q which likely tags inhibitory synapses as well (56).




Figure 4 | Colocalization of synaptic C1q with NPs in mouse brain sections. (A, B) High-resolution confocal microscopy images of triple immunostained cerebral cortical sections were segmented to identify individual C1q, NP1/2, and Syp spots. White circles indicate several triple-colocalizing spots automatically identified according to the predefined criterion. Analyses demonstrated extensive colocalization of synaptic C1q with synaptic NPs, particularly with NP1. (T-test results: (NP1) P = 2,19007E-10, (NP2) P = 4,71338E-06 on normally distributed samples.) (C, D) Close proximity of synaptic C1q with NP1 (C) and NP2 (D) is not the mere consequence of their high abundance. Medians of the minimal center-to-center distance’s cumulative frequency distributions significantly differ between the observed and randomly shuffled samples (P = 0.00019, Wilcoxon signed-rank test). Means ± SEM are shown; n = 18 3D-images recorded from sections of three mice. Scale bar = 0.5 µm. (E) The lateral view of the colocalized proteins.





Neuronal Pentraxin 1 Is Predominantly Located in the Synaptic Plasma Membrane Fraction

In spite of the abundant colocalization between C1q and NP1 and to a lesser extent NP2 in brain sections, the question emerges, to what extent NPs are exposed on the synaptic surfaces enabling C1q-binding or present intracellularly in the synapse. Unfortunately, light microscopy of tissue sections cannot distinguish between intra- and extracellular protein localizations. Thus, we sought to complement microscopy data with a detailed assessment of the subcellular distribution of NPs by subcellular fractionation. Synaptosomes were fractionated to consecutively purify the synaptic cytoplasm, synaptic mitochondria, and synaptic plasma membrane using a previously described protocol (40). The purity of the fractions was tested with selective subcellular protein markers and their compositions were analyzed (Figure 5A) revealing the subcellular fraction-specific corrected levels of NPs. One-way ANOVA tests pointed out statistically significant differences for both NP1 (F(2,6) = 78.418, P = 0.00005) and NP2 (F(2,6) = 15.940, P = 0.00397) between their levels in the different compartments. We found that synaptic NP1 is primarily enriched in the synaptic plasma membrane fraction, while the majority of NP2 is localized in the synaptic cytoplasm (Figure 5B). Therefore, it is plausible that the abundant C1q-colocalized synaptic NP1 proteins observed in mouse brain sections are primarily located in the synaptic surface instead of the synaptic intracellular space, assuming their physical binding. On the other hand, the largest pool of synaptic NP2 is accumulated intracellularly implying that C1q-colocalized synaptic NP2 molecules observed by microscopy are, in fact, partly separated from extracellular C1q by the synaptic plasma membrane.




Figure 5 | Differential sub-synaptic localization of NP1 and NP2. (A) Characterization of the synaptic plasma membrane (SPM), synaptic cytoplasm (Cytopl.), and synaptic mitochondria (Mito.) fractions by western blot technique. The representative western blot image (left) demonstrates the enrichment of postsynaptic density protein 95 (Psd95), L-lactate dehydrogenase B chain (Ldhb), and cytochrome c oxidase subunit 4 (Cox4) protein markers in their respective compartments, while the stacked bar graphs (right) depict the results of the quantification. (B) NP1 is predominantly located in the SPM fraction, while NP2 is enriched in the synaptic cytoplasm. Means ± S.E.M. are shown; n = 4 mice. Statistically significant differences were identified using one-way repeated measures ANOVA, followed by Bonferroni post hoc test.





The Majority of the Engulfed C1q-Tagged Synapses in Microglia Is NP1-Positive

Our experiments have provided strong evidence using multiple methods for the direct interaction between C1q and NPs, with particular emphasis placed on NP1. Nevertheless, it remained unclear whether synaptic C1q–NP1/2 interactions influence microglial phagocytosis of synapses directly via the local complement system. Therefore, we carried out additional investigations to assess the levels of synaptic NPs in engulfed, C1q-tagged synaptic material inside the cytoplasm of the microglia. Similarly to our prior examinations, synaptic C1q and NPs in brain sections were initially identified by high-resolution confocal microscopy and image analyses. Then we reconstructed microglial processes based on immunostaining for the microglia marker Iba1. Finally, synaptic C1q and NP1/2 spots completely surrounded by microglia were assessed, and the ratio of C1q-tagged synapses with and without NP1/2 inside the microglia was evaluated. It has been demonstrated that both NPs and Syp derive mostly from neurons, lacking microglial expression [e.g., the Brain RNA-Seq open-access database, https://www.brainrnaseq.org/ (57)], implying that Syp-colocalized NPs detected inside the microglia likely belong to phagocytosed but not yet digested synaptic material. In contrast, C1q-expression in the cerebral cortex is strictly limited to the microglia (58). Therefore, we have only taken into account those intracellular C1q spots within the microglia that showed strong colocalization with Syp indicating that they were secreted, synaptically deposited, and likely phagocytosed as part of the removed synapse by microglia. Our experiments demonstrated that the majority of C1q-tagged, microglia-surrounded synapses (~65%) show colocalization with NP1 as well (Figure 6), supporting the hypothesis that microglia predominantly eliminate in a complement-dependent manner those synapses that expose NP1 on their surfaces. On the contrary, NP2 was present in only ~28% of the microglia-surrounded C1q-tagged synapses (Supplementary Datasheet 2), suggesting that it is less involved in complement-mediated synaptic pruning. Taken together, our data support the hypothesis that the direct binding of C1q to synaptic NP1 is important for synapse elimination on the microglia–complement axis. Further studies are needed to prove this hypothesis and clarify the role of NP1 by investigating synaptic C1q and NP1 colocalization with phagocytic markers.




Figure 6 | The presence of NP1 in microglial engulfed C1q-tagged synapses. (A) Microglia were reconstructed from confocal image stacks using Iba1-staining (green) and engulfed, C1q- and Syp-colocalized NP1 spots (yellow, magenta, and cyan, respectively) were identified on mouse brain sections (white cycles). Orthogonal views (XY, YZ) demonstrate that microglia completely surround one of the phagocytosed C1q-tagged synaptic material with NP1 content. (B) Image analyses revealed that 64.80 ± 1.97% of C1q-tagged microglial Syp proteins are NP1 positive as well. (Means ± SEM are shown; n = 16 images recorded from brain sections of three mice. Statistically significant difference between groups was identified using two-tailed Student t-test of paired samples.)





Synaptic Presence of C4

There is an intriguing question if C1q action is independent from the complement cascade activation in our system. Beth Stevens and Steven McCarrol showed that gene variants that boosted C4 expression the most were associated with higher schizophrenia risk, suggesting that high levels of the protein could promote excess pruning (59). On the other hand, Stephan and co-workers showed that the level of C1q in the brain is significantly increased with normal aging, more than that of the other components, such as C3 (56). This would suggest that C1q might have an independent function in the brain. We investigated the presence and synaptic localization of C4 via immunostaining of mouse cortical brain sections combined with pseudo-super-resolution confocal microscopy and automated image analysis. We clearly observed the presence of C4 in the brain sections of the adult mice. The results showed that 24% of C4 is synaptically localized (Figure 7). This high-level presence of synaptic-localized C4 suggests that the classical complement pathway might play a role in the synaptic functions of the complement, and C1q is not a single player. To discover the exact mechanism and pathways will require more investigations.




Figure 7 | Synaptic presence of C4. High-resolution confocal microscopy images of double immunostained cerebral cortical sections were analyzed for colocalization of C4 and synaptophysin (Syp). 24.2 ± 2.6% of C4 showed synaptic localization. 15.4 ± 3.2% of synatophysin colocalized with C4. Some of the colocalizing spots are highlighted with white circles. Means ± SEM are shown; n = nine images recorded from sections of three mice. Scale bar = 0.5 µm.






Discussion

Generally, synaptic connections are not rigid but undergo constant remodeling in response to external and internal stimuli. Proper operation of this structural synaptic plasticity relies on the equilibrium between synaptogenesis and synaptic pruning even in the adult brain, which is the target of our investigations. However, its distortion, such as extensive synapse loss in neurodegenerative conditions, can lead to severe functional disturbances. Several molecular partners are known to regulate this balance (60); however, we are still far from the detailed mechanistic understanding of synaptogenesis and selective synapse removal. Recently, complement proteins came into the focus of interest because accumulating evidence pointed out their role in synaptic pruning. Among them, probably C1q is responsible for the selectivity in synapse recognition (20), but the exact role of the complement cascade in the CNS in this mechanism is still elusive. Although little is known about the synaptic interaction partners of C1q in the CNS, NPs appear to be potential targets as suggested by their structural homology to peripheral C1q binding partners of the pentraxin protein family (20–22) and their previously described role in synaptic refinement in the developing visual system (23). Our present study systematically addressed this hypothesis and revealed NP1 and NP2 as two novel synaptic C1q binding partners in the adult brain. Moreover, we hypothesize that NP1 is linked to the selective elimination of C1q-tagged synapses by the microglia. We have to note that our results are valid for synaptic pruning in the adult mice and would need further investigations to verify the applicability for the young developing brain.

Our investigations incorporated both in vitro and in vivo experiments to unambiguously prove the physical interaction of NPs with C1q and to reveal its potential synaptic importance. To overcome the inherent limitations and obstacles of each technique, we strove for employing mutually complementary methods. Initially, we addressed whether NPs mimic the C1q-binding abilities of PTX3 surmised by their remarkable structural homology. Our in vitro experiments verified the direct binding of isolated NPs to C1q, which was strong enough to elicit downstream complement activation (Figure 1). This result is in agreement with the well-known binding of immobilized PTX3 to C1q in the periphery leading to the activation of the classical complement pathway on the surfaces of apoptotic cells (21, 61). Nevertheless, it was previously reported that pre-incubation of PTX3 with C1q in the fluid-phase acts oppositely and causes inhibition of complement activation (21). Contrary to this behavior, our microtiter plate binding assays demonstrated that NP1/2–C1q binding results complement activation in both the fluid and immobilized phases (Figure 1). As PTX3 mediates complement activation in the periphery, NPs might be capable of influencing the possible activation of the classical pathway in the brain, which idea is strengthened by our complement activation results.

Currently, the in vivo function of C1q–NPs binding in the extracellular milieu without being immobilized to the cell surface is unknown. Theoretically, their extracellular interaction can either serve as a means to deplete deposition of the “eat-me” signal complement components onto the cell surface or can aid complement accumulation via their tethering by membrane-bound NP receptors. Therefore, further studies are warranted to verify the assembly of the C1q–NP1/2 complex in the extracellular space in vivo and clarify its possible role.

PTX3 interacts with the classical and lectin pathway regulator C4BP and the alternative pathway regulator Factor H preventing exaggerated complement activation that would otherwise lead to inflammation and host tissue damage (52, 62, 63). According to our results, NPs can bind to both C4BP and Factor H (Supplementary Datasheet 2). The phenomenon may stem from the structural homology of pentraxins, and in the future, it may be worth exploring whether these connections have a significance in the brain.

Our data suggest that C1q–NP1/2 complex is present in the synapses. Importantly, the great extent of their colocalization was demonstrated by co-immunoprecipitation, flow cytometry, and high-resolution confocal microscopy investigations, ruling out the possibility that the formation of their synaptic complex is merely artificial (Figures 3, 4). The techniques we used allowed for specifically studying synaptically bound C1q–NP1/2 complexes, and the obtained data indicate that the C1q–NP1 complex is present on the synaptic surface. Thus, the question may arise where the synaptic C1q–NP1 complex could be formed within the synapse. The classically known C1q, built-up by 18 subunits is an outstandingly large protein with a size that almost exceeds the average size of the synaptic cleft (~20 to 40 nm) (64). Taking into account this size limitation, the pool of secreted C1q that mediates selective pruning of synapses is likely attached to perisynaptic regions instead of direct binding into the synaptic junction. Previous data showing primarily perisynaptic C1q binding via immunogold electron microscopy examinations also supports this notion (56). Considering that NPs within the synaptic junction are well-known binding partners of AMPA receptor (AMPAR) subunits, we hypothesize that C1q binds to a pool of perisynaptic and therefore possibly not AMPAR-bound NPs. In agreement with the literature, we confirmed the presence of NPs in the synapses via immunocytochemistry, flow cytometry, and immunohistochemistry. However, conspicuously, NPs were not uniformly present in all synapses, which might imply that, despite the fact that NPs are considered common synaptic proteins, functional differences between synapses may cause a heterogeneous distribution of NPs. Regarding synaptic functional differences, NP2 is an immediate early gene translated by neuronal activation (29), while the expression of NP1 is increased under reduced activity (33). Moreover, NP1 and NP2 are also known to form heterocomplexes (25). Thus, the apparent contradiction between their expression pattern and assembly needs to be clarified.

Our current results repeatedly demonstrated the high but certainly not complete colocalization between C1q and NPs (Figures 3, 4). This observation implies the critical role of yet unknown rules that determine selective recognition of certain synaptic NPs by C1q. Although synaptic NPs are capable of complement binding (Figure 1), they probably have independent functions in parallel that explains their uneven C1q-binding pattern. As already described, NPs are involved in AMPAR clustering at the excitatory synapses, and by this mechanism, they can regulate excitatory synaptogenesis, functional synaptic plasticity, and synapse formation (24–27). Moreover, NP1 plays a role in neuronal cell death under hypoxic–ischemic conditions (36) and mediates the accumulation of the pro-apoptotic BAX protein on the mitochondrion’s surface (35). On a theoretical basis, several explanations could be offered to clarify the partial recognition of NPs by the synaptic C1q. First, the ratio of NP1 and NP2 within their heterooligomeric complex can vary, influencing, e.g., their AMPAR binding characteristics (25). A particular subunit composition of the perisynaptic NP complex that does not favor AMPAR binding might, instead, facilitate synaptic C1q deposition. Second, posttranslational modifications of NPs could also influence their C1q-binding characteristics. It has been reported that NP1 is subjected to glycosylation (65), and we previously assumed its phosphorylation as well (18) in agreement with prior screening data [PhosphoSitePlus database (66)]. Taking into account that sialic acid in the neuronal glycocalyx prevents C1q deposition (67), and PTX3 can possess sialic acid residues modulating its C1q-binding capabilities (68), the presence of a unique NP glycosylation pattern with or without sialic acid might determine the strength of the NP–C1q interaction on the synaptic surface as well.

Our subcellular fractionation experiment demonstrated the differential localization of NPs within the synapse (Figure 5). Consistent with its AMPAR clustering function, NP1 is enriched in the synaptic plasma membrane with detectable levels in the synaptic mitochondrial fraction as well. Its mitochondrial identification is in accordance with prior data showing the role of NP1 in the intrinsic mitochondrial pathway of apoptosis (33, 69). In contrast, the majority of NP2 was identified in the synaptic cytoplasm fraction and, to a lesser extent, in the SPM. Although NP2 is primarily known as a synaptic protein, which binds AMPARs, our results demonstrate their prominent intracellular accumulation as well. Considering that NP2 is an immediate early gene (32), it can be hypothesized that the presence of its cytoplasmic pool is the result of its persistent activity-dependent translation without reaching secretion.

In addition to describing the C1q–NP binding, we investigated the biological role of this interaction in synapse elimination. Our results raises the probability that C1q-tagged, primarily NP1-positive synapses are engulfed by microglia (Figure 6). Thus, NP1 could facilitate the binding of C1q to synapses to be removed. On the other hand, NP2 alone is unlikely to serve as an “eat-me” signal for complement components in the course of synapse phagocytosis (Supplementary Datasheet 2). Although the exact subunit composition of the NP assembly that is involved in synapse elimination remains elusive, our results imply that the complex consists predominantly of NP1 instead of NP2. It is already known that C1q is deposited onto synapses with reduced activity (11) and where apoptotic-like mechanisms are triggered (18). In line with these data, the initiation of local synaptic apoptotic mechanisms is preceded by a decrease in synaptic transmission (70). It was assumed that in a very similar manner to C1q, NPs are also involved in the elimination of low-activity synapses during synaptic pruning at early ontogenesis (23). Moreover, members of the pentraxin family at the periphery play key role in the elimination of apoptotic cells via phagocytosis, which process is regulated via the interaction between pentraxins and complement components, such as C1q and complement pathway inhibitors (22, 52, 61, 63, 71). Combining these prior data and our current results, we propose that NP1 aids the removal of apoptotic synapses with reduced synaptic strength via the complement–microglia pathway. The presence of synaptic C4 suggests that activation of the classical pathway might occur in this adult mouse model which is in line with previous reports on the role of C4 in synapse elimination (59). We propose that preventing excessive synaptic exposition of the C1q-binding form of NP1 or blocking the C1q–NP1 interaction could be beneficial to arrest increased complement-dependent synapse loss, which is a major component in the pathogenesis of AD and other neurodegenerative diseases (13).

Finally, accumulating evidence implies that NPs might be promising cerebrospinal fluid (CSF) and blood biomarkers of early AD (72–74). In addition, amyloid-β-induced increase in NP1 expression has been linked to neuronal toxicity in AD (37). In contrast, NP2 is downregulated in post mortem human AD brain specimens, which correlates with the reduction of the AMPAR subunit GluA4. Moreover, reduced NP2 levels were identified in the CSF of AD patients, and NP2 amounts showed a robust positive correlation with cognitive performance and hippocampal volume (74). Therefore, both NP1 and NP2 can be regarded as important CSF or blood biomarkers of AD, but the background of their different levels will have to be clarified in future studies.

In summary, our results clearly demonstrate the interaction between C1q and NPs on the synapse using a wide array of in vitro and in vivo examinations. Moreover, we hypothesize the preferential engulfment of NP1-containing synapses via the complement-microglia axis.
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C-reactive protein (CRP) is the best-known acute phase protein. In humans, almost every type of inflammation is accompanied by an increase of CRP concentration. Until recently, the only known physiological function of CRP was the marking of cells to initiate their phagocytosis. This triggers the classical complement pathway up to C4, which helps to eliminate pathogens and dead cells. However, vital cells with reduced energy supply are also marked, which is useful in the case of a classical external wound because an important substrate for pathogens is disposed of, but is counterproductive at internal wounds (e.g., heart attack or stroke). This mechanism negatively affects clinical outcomes since it is established that CRP levels correlate with the prognosis of these indications. Here, we summarize what we can learn from a clinical study in which CRP was adsorbed from the bloodstream by CRP-apheresis. Recently, it was shown that CRP can have a direct effect on blood pressure in rabbits. This is interesting in regard to patients with high inflammation, as they often become tachycardic and need catecholamines. These two physiological effects of CRP apparently also occur in COVID-19. Parts of the lung become ischemic due to intra-alveolar edema and hemorrhage and in parallel CRP increases dramatically, hence it is assumed that CRP is also involved in this ischemic condition. It is meanwhile considered that most of the damage in COVID-19 is caused by the immune system. The high amounts of CRP could have an additional influence on blood pressure in severe COVID-19.

Keywords: CRP–C-reactive protein, ischemia/reperfusion injury, cardiovascular, COVID-19, inflammation


INTRODUCTION

Inflammation in humans is deeply evolutionary rooted. A quick and intense inflammatory response is required for the efficient eradication of injury and was highly beneficial in times where external wounds or life-threatening infections where the main—if not only—cause of damage to the body (1). Inflammation as a weapon against environmental risks and triggers is unfortunately a two-edged sword, because it is dangerous when turned against the own body. In modern times, an elevated inflammatory function is thought to be associated with higher risk to develop atherosclerosis, diabetes and other age-related diseases, which are not caused by pathogens (2). But an enhanced immune system can not only facilitate cardiovascular disease, it also exacerbates acute incidents, which are “sterile.” In order to heal internal wounds, the body needs the inflammatory reaction to eliminate dead cells. At the same time activating proliferation and repair mechanisms as well as restoring tissue homeostasis is essential. This immune response is, however, since centuries specialized on the thorough eradication of cells around a wound to minimize the risk of infection. Even if these cells are only energy deprived but still viable. In the setting of an internal wound, as e.g., myocardial infarction or stroke, this effect is often destructive and threatening as it only aggravates deterioration and involves severe collateral damage (3, 4).

Likewise, an excessive immune reaction not justified by its external trigger induces more negative than positive effects on the body (5). During a systemic inflammatory response syndrome or sepsis the inflammation is so enormous and disproportionate that it causes widespread tissue injury and might finally result in multiple organ failure (6). Here, the whole body is often affected by inflammation showing hard to control hemodynamic instability.

Although a multitude of proteins are involved in inflammation, most of them do not actively participate in the elimination of pathogens or human cells (1). One of the acute-phase mediators directly involved in these pro-inflammatory processes is C-reactive protein (CRP) which was discovered by Tillett and Francis (7). CRP is well-established as one of the most reliable markers of inflammation, rising dramatically during any type of inflammation.

There are several very good and extensive reviews published, summarizing the role of CRP as unspecific inflammatory marker and its history from discovery to world-wide used lab marker (8–11). Even though CRP has been investigated in numerous clinical studies and its association and correlation with the progress of certain diseases is evidently clear (12–19), evidence that it is a mediator of the respective disease in humans was missing while strong evidence exists for different animal species (16, 20–22). In addition, CRP can dissociate into monomers physiologically, although it is still under debate if it thereby exerts different molecular functions than the pentameric form (23). The transition of pentameric CRP to monomeric CRP was described in specific inflammatory microenvironments (24, 25). Pro-inflammatory isoforms of pentameric and monomeric CRP were reported (26). The circulating CRP is pentameric and the actual source of all further processes. Despite this extensive in-depth knowledge, the widespread opinion is still that in humans CRP is only an unspecific biomarker.

We want to focus on the controversy/debate that CRP also in humans is not only a marker but an active pro-inflammatory protein, which contributes causally to the severity of tissue damage and the outcome of various diseases (27).



CRP IS AN ACTIVE INFLAMMATORY PROTEIN

CRP is secreted by the liver into the blood circulation where it efficiently detects and opsonizes bacteria upon their infiltration (28, 29). By marking these pathogens, it initiates their phagocytosis via activation of complement. This mechanism is mainly caused by the binding of CRP to the phosphorylcholine groups in the membrane of bacteria. These groups, however, are also present in all human cells, albeit not accessible on healthy cells. Cells that are apoptotic, necrotic, energy-depleted or simply exposed to inflammatory environments, often being acidic and hypoxic, undergo conformational and biochemical changes in their membrane (30). One of these being the partial hydrolyzation of phosphatidylcholine (PC) to lyso-phosphatdiylcholine (LPC) by another acute-phase-protein, namely the secretory phospholipase A2 type IIa (sPLA2 IIa) (31–34). This makes the phosphorylcholine group accessible to the binding of CRP. Hence, CRP irreversibly marks dying, dead, damaged or hypoxic/ischemic cells. Subsequently, the classical complement pathway is activated and the CRP-marked cells are disposed by phagocytosis (35–40). See Figure 1 for the hypothesized pathomechanism of CRP after an acute phase response caused by inflamed or hypoxic/ischemic tissue.


[image: Figure 1]
FIGURE 1. Molecular pathomechanism of CRP-mediated damage in ischemic or hypoxemic tissue. Inflammation or acute oxygen-deprivation happens for example in acute myocardial infarction (AMI), stroke, during COVID-19 related pneumonia, acute pancreatitis as well as during an acute Crohn's disease relapse. This leads to energy-depleted, hypoxic or even ischemic tissue. Cells within this tissue display a modified outer cell membrane: Phosphatidylcholine (PC) is converted into lyso-phosphatidylcholine (LPC) by phospholipase (sPLA2 IIa). Due to the lack of energy, this alteration cannot be reversed. CRP subsequently binds to LPC on anaerobic cells and recruits complement factors (C1q-C4), activating the classical complement pathway. These opsonized cells will be disposed by phagocytes, which in turn induce CRP synthesis by secretion of IL-6. CRP also binds Factor H, which inhibits the alternative complement pathway and actually protects healthy host cells from disposal (16, 22, 79). Although CRP is drawn pentameric, it should be noted that after binding to ischemic cells, the recruitment of C1q and particularly FH is potentially carried out by dissociated, monomeric CRP. Figure adapted from (41). AMI, Acute Myocardial Infarction; CRP, C-reactive protein; C1q, Complement component 1q; C2-C4(a/b), Complement component 2-4(a/b); FH, Factor H; IL-6, Interleukin 6; LPC, Lysophosphatidylcholine; PC, Phosphatidylcholine; sPLA2 IIa secretory phospholipase A2 type IIa.


In the setting of an internal wound this generates a vicious cycle: The primary inflammation triggered by e.g., ischemia (e.g., acute myocardial infarction or stroke) activates a switch to anaerobic metabolism and a striking synthesis and secretion of CRP mediated by IL-6. CRP is circulated to the wound, where it mediates the disposal of dead and dying cells. High CRP concentrations cause more cells to be marked, including still viable cells, which could have regenerated their membrane after restoration of the oxygen flow and switching back to aerobic metabolism. The phagocytosis of these cells in turn produces IL-6, inducing the synthesis of additional CRP, subsequently amplifying the immune response. Thereby, CRP causally contributes to the tissue damage and scarring after an incident [Figure 1, adapted from (41)] (22, 42–44). It should be noted that CRP is synthesized and secreted as a pentamer by the liver, however, it can dissociate into monomers within the microenvironment of the inflamed/ischemic tissue and might exert the drawn functions as monomer (Figure 1).

Although not every step of this molecular mechanism has been proven and shown in detail, there have been convincing proof-of-concept studies in animals substantiating this hypothesis. A large body of data obtained either in rats, porcine models or in vitro in the infarcted myocardium of humans has demonstrated that CRP plays an active role in exacerbating ischemia and reperfusion-induced damage (16, 22, 45–50).

Recent studies exceedingly revealed that CRP modulates signaling cascades besides the classical complement pathway (51–54). This shows that CRP has direct physiological effects on not only inflammation but also the function of e.g., endothelial cells, be it their metabolism, differentiation or migration (55–57). In the context of endothelial cells, it is also discussed if CRP might have protective effects in atherosclerotic lesions. It was shown that, although CRP induces complement activation, it protects the bound cells from the formation of final complement components (58, 59), mainly by recruiting complement factor H (60). The role of CRP in atherosclerosis is however still under debate and cannot be compared to acute ischemic incidents regarding the circulating concentration of CRP.



CRP HAS AN EFFECT ON BLOOD PRESSURE

One of these recent studies showed a direct, quick and extreme effect of CRP on blood pressure in rabbits (61). Human CRP was intravenously injected in vivo to reach a level of 50 mg/L. It dramatically reduced the arterial blood pressure within minutes, while the heart rate remained the same and did not counteract as expected and necessary to maintain the oxygen supply of the organism. The effect persisted for more than 17 min.

While it has been shown that blood pressure and heart rate as well as adrenergic receptor (AR) signaling can affect CRP concentrations (62–64), a direct influence of CRP on hemodynamic variables has hardly been investigated so far. Other in vivo studies administering CRP were performed in rats and humans (65–67). However, the recombinant CRP used in the studies never achieved concentrations of 50 mg/l and blood pressure was measured not directly but only hours after injection (65, 67). Hence, the acute effects might have been overlooked.

The direct and acute effect of high CRP concentrations on blood pressure gives a first hint, why critically ill patients, suffering from e.g., sepsis or acute pancreatitis, can develop hardly controllable hemodynamic variables with preceding elevated CRP levels (68).

After seeing such a dramatic drop in blood pressure the influence of CRP on AR signal transduction was investigated in vitro (61). ARs signal via calcium (Ca2+) as second messenger was measured in real-time. CRP triggered calcium signaling in a dose-dependent manner in two different human cell lines, expressing either α- or β-adrenergic receptors. Further, CRP induced an additional calcium increase that came on top of AR agonists phenlyephrine or isoprenaline. This indicates a molecular mechanism that is independent of adrenoceptor activation.

Effects of CRP on endothelial cells have mostly been attributed to its effect on endothelial nitric oxide synthase (eNOS), although studies have to be interpreted with care, as contaminating products in commercial CRP solutions, such as sodium azide, were possibly often causally involved (69–71). eNOS is activated by an increase in intracellular calcium, leading to vasodilatation (72, 73), which could explain the drop of blood pressure in vivo. The mechanism underlying CRP's induction of calcium influx is still undiscovered and should be investigated in future studies.

Therefore, it was demonstrated that one molecule of the inflammation cascade has an influence on blood pressure. The direct influence of other inflammatory mediators needs to be investigated.



WHAT WE CAN LEARN FROM STUDIES USING CRP AS A THERAPEUTIC TARGET MOLECULE

Many reports following the hypothesis that CRP has pathological effects suffer from a mean to shut down its activity. Knock-out mice do not represent appropriate models, because CRP in mice fulfills different functions than in humans and does not act as an acute-phase protein (74). Other animal models like e.g., transgenic rabbits expressing human CRP have been used but here most of the investigations focused on atherosclerosis and not on acute incidents (75).

In humans the use of CRP-lowering drugs has so far not been successful, since CRP as acute-phase protein increases drastically within hours and its circulating levels need to be lowered quickly in an acute setting. This cannot be achieved by targeting its synthesis or using approaches, which take several days to affect CRP levels (16, 21, 76).

Selective immuno-adsorption of CRP from the serum avoids these problems and has been shown to efficiently reduce CRP concentrations by ~60% within hours (77–79). The elimination of pathogenic substances from the blood by means of extracorporeal apheresis is an established therapy in the clinical routine of numerous diseases.

CRP apheresis aims to remove CRP from the blood plasma after an infarction to reduce acute tissue damage and ischemic reperfusion damage (41). It has most extensively been utilized after acute myocardial infarction (AMI).


CRP Depletion After Myocardial Infarction

Patients recovering from a heart attack often suffer from a reduced quality of life and a very high risk of subsequent serious complications (e.g., heart failure, arrhythmias, second heart attack, death), which imposes an enormous burden on the healthcare system. It was observed that this risk correlates significantly with the size of myocardial injury and scarring (80, 81).

It has long been known that inflammation, mainly mediated by the innate immune system, expands myocardial injury. However, anti-inflammatory strategies to mitigate myocardial necrosis have so far failed, perhaps because these processes are also necessary for the healing and repair of the heart (3, 4, 82, 83). Whereas, baseline CRP values are recognized as a determinant of the incidence of cardiovascular disease (12, 14), serum CRP concentration after AMI correlates with the clinical outcome (19, 42, 44, 84–87). It is textbook knowledge that high CRP peaks in the first 72 h after AMI correlate with larger infarct size and higher mortality and the incidence of additional adverse cardiovascular events (42–44). This has been documented for four decades and is consistent with the described pathological function of CRP to eliminate cells in the area at risk (27, 30, 88, 89). This region comprises cells that might recover after revascularization and reperfusion, but are eventually destroyed by immune-mediated mechanisms, as explained above and shown in detail in numerous experimental approaches specifically focusing on AMI (20, 46, 48, 85, 90, 91).

It has therefore been suggested earlier to target CRP in AMI, but the therapeutic approaches were not clinically relevant or sufficiently rapid (16, 92–94). This changed when it was shown that specific extracorporeal removal of CRP by CRP apheresis resulted in a significant reduction of the infarct area and stabilization of the left ventricular ejection fraction (LVEF) in a preclinical trial in pigs (22, 50). An interesting observation is that the scar morphology of the animals after CRP apheresis was completely different from controls, supporting the hypothesis that CRP is directly involved in tissue destruction and scarring after the incident (22). Consequently, CRP apheresis has been used in one clinical trial and two case reports in patients with ST-elevation myocardial infarction (STEMI) (77, 79, 95).

In the CAMI-1 trial it was investigated whether specific depletion of CRP can reduce the size of myocardial infarction in humans. Eighty-three patients were included and the treatment was safe and well-tolerated (79). The extent of increase of CRP concentration during the first 32 h after STEMI significantly correlated with the infarct size in control patients. Patients with similar initial CRP increase who subsequently underwent CRP apheresis, had smaller infarct sizes and better LVEF and wall motion (strains) when compared to control patients. Surprisingly, some patients treated with CRP apheresis had not even minor infarct scars and a normal LVEF (96).

It is possible that the supply bottleneck in ischemic tissue does not immediately lead to tissue necrosis, but rather to a conversion of the energy metabolism into anaerobic glycolysis, which leads to a significant lack of energy of the individual cardiomyocytes (97). Afterwards, the cardiomyocytes go into stunning until the metabolism switches back to the aerobic one which eliminates the energy deficiency. This suggests that the cardiomyocytes only survive if they are not marked by CRP and thus disposed of by phagocytes.



CRP in Stroke

This effect can possibly be applied to other ischemia-mediated injuries as for example stroke. Here, similar mechanisms to AMI take place and inflammation plays a crucial role during the occlusion but also subsequent therapeutic reperfusion of the tissue (98, 99). The inflammatory response after stroke has been discovered to be a key prognostic factor for patients (100, 101). High CRP concentrations during the first 48 h after the incident significantly predict immediate and long-term mortality as well as the overall prognosis (13, 101, 101–103). This is supported by pre-clinical evidence in a stroke model in rats and subsequent application of high amounts of human CRP (49). This strongly supports the hypothesis that CRP plays a similar pathological role as in AMI.




CRP MAY INCREASE DESTRUCTION OF TISSUE IN COVID-19

SARS-CoV-2 can lead to COVID-19 and induces pulmonary fibrosis and cardiac complications in a minor percentage of infected individuals, among other organ deterioration (104). A major therapeutic approach focuses on the treatment of acute respiratory distress syndrome, as it is the leading cause of mortality, followed by cardiac and septic complications. In the severe course of the disease a massive increase in the CRP concentration accompanied by an initial cytokine storm is followed by pulmonary fibrosis (105, 106). Intra-alveolar edema and hemorrhage is a common observation in the lungs of COVID-19 patients which leads to ischemic alveolar tissue. It may be assumed that CRP itself triggers tissue damage by binding to these ischemic cells and is thus also causally involved in the enlargement of the destroyed tissue and contributes to irreversible tissue destruction (22, 79). Both IL-6 and CRP increase dramatically in the course of clinical manifestation of COVID-19 (107) and rising CRP levels were shown to significantly predict the respiratory decline in patients (105). CRP levels also correlate with CT findings of COVID-19 patients (108). These findings further support the hypothesis that a significant increase in CRP is a signal of lung deterioration and disease progression.

Complement deposits were found by pathologists in the lungs of deceased COVID-19 patients. Among them was especially C1Q. Since C1Q also inhibits antiviral CD8+ effector T-cell responses, a higher frequency of CD8+PD1+ T-cells was found, possibly indicating T-cell exhaustion (109). Despite the depletion of the T cells, massive destruction in the lungs is found along with the extreme levels of CRP in the aggravated COVID-19 patients. C1Q is known to bind CRP after CRP binds the lysophosphatidylcholine of ischemic cells (22).

In addition, cardiac involvement was observed by MRI analysis in 78% of patients, and persistent myocardial inflammation was observed in 60% of patients with recent COVID-19 disease, regardless of pre-existing conditions, the severity and overall course of the acute disease and the time from initial diagnosis (110). Myocardial inflammation was suggested as the underlying mechanism (111, 112).

CRP apheresis provides a therapeutic approach to rapidly decrease the high CRP levels in COVID-19 patients before lung deterioration can progress (113). Until now, the therapeutic option of reducing the extremely high amount of CRP has been used once in the early phase of COVID-19 and in end-stage patients with one case being reported (113, 114). A clinical study in this indication would be beneficial and is currently planned.



CONCLUSION AND OUTLOOK

The understanding of CRP has undergone two basic transitions. First, CRP has been established as a general biomarker of inflammation and infection in clinical practice. Then, its role as a stable and highly useful prognostic factor for cardiovascular and cerebral disease in healthy individuals has been widely acknowledged and utilized (17, 115). However, the characterization of CRP as not only a biomarker but also a mediator or even trigger of destruction of tissue in humans is still widely ignored (27, 46, 49).

CRP as an archaic protein of the innate immune system physiologically disposes cells and responds to almost every change in tissue homeostasis. From the perspective of the body's energy balance, one has to ask oneself why CRP is produced in large quantities by the liver in situations where it seems wiser to keep a proper energy reserve. Certainly not to provide us with a meaningful biomarker. It is more logical to recognize that it is provided in potentially septic wounds during enemy defense, to eliminate further cells, so that they do not serve the enemy for propagation. This function has unfortunately a negative effect on typically aseptic inner wounds. Further, the demonstration of a direct effect of CRP on blood pressure shows us that the molecular functions of CRP are still not comprehensively described and that the role of this protein is largely underestimated in critically ill patients.

Accepting CRP as an active inflammatory protein offers the promising possibility to therapeutically target CRP whenever the inflammatory reaction is too extensive or not beneficial. Ongoing and future clinical trials will illuminate whether this therapeutic approach will continue to prove its value.
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Pentraxins are soluble innate immunity receptors involved in sensing danger molecules. They are classified as short (CRP, SAP) and long pentraxin subfamilies, including the prototypic long pentraxin PTX3. Pentraxins act mainly as bridging molecules favoring the clearance of microbes and dead cells. They are also involved in many other biological processes, such as regulation of complement activation, inflammation and tissue homeostasis. Autoantibodies directed against pentraxins have been reported in various autoimmune diseases, especially in systemic lupus erythematosus and ANCA-associated vasculitis. In this review, we review the main biological characteristics and functions of pentraxins and summarize data concerning autoantibodies directed against pentraxins in the context of autoimmune diseases and discuss their potential pathological role.
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Introduction

The innate immune system is involved in many physiological processes, including antimicrobial defence, inflammation, initiation and regulation of adaptive immunity and maintenance of tissue homeostasis (1). This system has a cellular arm, composed principally of myeloid cells and innate lymphoid cells, and a humoral arm, including soluble innate immunity receptors, also known as soluble pattern recognition molecules (sPRM) (2). The innate immune system specializes in sensing of so-called “danger signals” that originate from (i) non-self, such as microbes; the microbial motifs recognized by innate cells are called pathogen-associated molecular patterns (PAMPs) or (ii) from modified (or altered) self, mainly dying cells and molecules expressed by damaged cells/tissues or accidentally released in the extracellular environment; these motifs are called damage-associated molecular patterns (DAMPs).

The detection of danger signals by innate immunity receptors is crucial in initiating appropriate immune responses that are fine-tuned to the motifs encountered (tolerance to self, protection against non-self). These receptors are highly conserved molecules called Pattern Recognition Receptors (PRR). PRR recognize a wide variety of ligands, including proteins, lipids, carbohydrates, and nucleic acids. In addition to innate immune cells (of myeloid and lymphoid origin), PRR are expressed by a wide variety of cell types, including endothelial cells, epithelial cells, and adaptive immune cells. Most PRR are involved in the initiation of inflammation and those expressed by professional antigen-presenting cells are critical in initiating antigen-specific immune responses.

PRR can be associated to cells (expressed at the surface or localized intracellularly) or released in the extracellular milieu (sPRM). According to their localization, cell-associated PRR can be classified in three groups (3): (i) membrane receptors, including membrane Toll-like receptors (TLR1, TLR2, TLR4, TLR5, and TLR6), scavenger receptors and C-type lectin receptors, (ii) endosomal receptors, including TLR3, TLR7, TLR8, and TLR9, and (iii) cytoplasmic receptors, including nucleotide-binding oligomerization domain (NOD)-like receptors (NLR), retinoic acid-inducible gene I (RIGI)-like receptors (RLR), and AIM2-like receptors (ALR). Membrane PRR are involved in the clearance of danger signals (i.e., phagocytosis of particulate motifs) and/or cell activation, while intracellular PRR are mainly involved in the detection of nucleic acids.

Soluble PRM act as bridging molecules, linking extracellular DAMPs and PAMPs with cell associated PRR. They include collectins, ficolins, some complement family proteins, soluble forms of membrane PRR (such as soluble scavenger receptors and C-type lectins released after shedding of the membrane forms), and by pentraxins. As their membrane counterparts, sPRM are highly conserved and bind a variety of ligands expressed by microbes and altered/modified self. Soluble PRM recognize the same molecular motifs that cell-associated PRR. They have a role in agglutination, complement activation and opsonisation (i.e., facilitating the recognition and elimination of danger motifs by phagocytes). By reference to their bridging activity, sPRM are usually viewed as ancestors of antibodies (4) and are sometimes referred to as opsonins. They also play a pivotal role in determining the nature of the immune responses induced by the motifs encountered.

A tolerance breakdown to sPRM, evidenced by the presence of autoantibodies, has been reported in different autoimmune diseases, especially autoantibodies targeting members of the pentraxin family. Such autoantibodies have been particularly reported in systemic lupus erythematosus (SLE) and anti-neutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis. In this review, we present the main characteristics and functions of pentraxins and data on anti-pentraxin autoantibodies. Finally, we raise hypothesis on the potential pathological role(s) of anti-pentraxin autoantibodies.



The Pentraxin Family


Structure of Pentraxins

Pentraxins are characterized by a C-terminal “pentraxin domain” of about 200 amino acids, containing a highly conserved HxCxS/TWxS motif (where x represents any amino acid) called the “pentraxin signature” (5, 6). They are organized in a cyclic pentameric structure (4, 7). The pentraxin family is divided into two subfamilies, the short and long pentraxins, depending on the length of their amino acid sequences.

Short pentraxins are characterized by a short N-terminal domain (approximatively 20 amino acids). This subfamily contains the acute phase proteins C-reactive protein (CRP), also known as PTX1, and serum amyloid P component (SAP), also known as PTX2.

Long pentraxins are characterized by a long N-terminal domain (178 amino acids). In addition to the prototypic long pentraxin PTX3, this group contains neuronal pentraxin 1 (NP1), NP2, neuronal pentraxin receptor (NPR) and PTX4 (4, 8). Contrary to PTX3, only few data are available on these other members of the long pentraxin subfamily and will thus not be further mentioned in this review.



Ligands and Immune Functions of Pentraxins


The Short Pentraxins CRP and SAP

The short pentraxins CRP and SAP are assembled as multimers of five or ten 25 kDa subunits of 204 and 205 amino acids, respectively. CRP and SAP are the main acute phase proteins in human and mouse, respectively. They are mainly produced by the liver in response to pro-inflammatory cytokines, such as IL-1 and IL-6. Under inflammatory situations, such as bacterial sepsis, sterile inflammation (such as gout) or massive tissue destruction (a process associated with the release of inflammatory endogenous molecules such as HSP or HMGB1), the circulating levels of CRP can rise up to 1,000-time their basal concentrations in human (3 mg/L) (9).

Short pentraxins recognize a large variety of ligands in a calcium-dependent manner. Of note, the first ligand described for CRP was the C-polysaccharide of Streptococcus pneumoniae, hence the name. SAP takes its name from the fact that it is one of the universal component of the amyloid deposits found in amyloidosis and Alzheimer’s disease.

CRP and SAP promote microbe opsonisation, thus facilitating their elimination by phagocytes. The functions of short pentraxins are not limited to bacterial clearance as they can also bind many other ligands such as apoptotic cells, amyloid fibrils (10), and endogenous danger molecules, such as histones and nucleic acids released by damaged cells (11, 12).

Short pentraxins are potent regulators of complement pathways. They can activate the classical complement pathway by linking to the complement factor C1q (13) and the lectin complement pathway by binding to ficolins (14, 15). In contrast, they can inhibit the alternative pathway amplification loop by binding to factor H (16). Short pentraxins can also bind to IgG receptors (FcγR). This binding can either inhibit immune complex-mediated phagocytosis or activate FcγR-mediated phagocytosis and cytokine secretion (17–20).



The Prototypic Long Pentraxin PTX3

PTX3 is assembled as multimers of 45 kDa (381 amino acids) subunits and is organized as an octamer with monomers linked by disulfide bounds. Unlike short pentraxins, PTX3 is rapidly neo-synthetized by many cell types (4, 5) upon activation by a diversity of signals, including microbes and microbial moieties and inflammatory cytokines (4, 21). Contrary to short pentraxins, PTX3 is constitutively expressed, with circulating levels of ≈ 200 ng/ml in healthy subjects. The levels of PTX3 are strongly and rapidly increased during inflammatory responses (800–1,000 ng/ml). PTX3 is also preformed in neutrophils and rapidly released upon activation (22, 23).

PTX3 binds to the same ligands that short pentraxins, but in a calcium-independent manner (5). Like short pentraxins, PTX3 opsonizes and facilitates the clearance of numerous bacteria (such as Pseudomonas aeruginosa and Salmonella typhimurium) (24, 25), virus (such as influenza virus) (26), fungi (such as Aspergillus fumigatus) (27), and apoptotic cells (4, 5) by phagocytes. As for CRP and SAP, PTX3 can recruit FcγR to induce phagocytosis in a way similar to IgG (17, 18, 20, 28, 29). PTX3 also modulates the complement cascade through its capacity to bind to proteins of the classical (C1q) and lectin (mannose-binding lectin, ficolins) complement pathways (13, 15). PTX3 thus facilitates the tissue deposition of iC3b, thereby promoting complement receptor 3 (CR3)-driven phagocytosis (28). It also increases the binding of activated complement on microbes initiated by ficolin-1. PTX3 interacts with the complement factor H, the main alternative pathway regulatory protein but without modulating its complement inhibitory activity (30). PTX3 also acts as a nodal point for the assembly of the cumulus oophorus hyaluronan-rich extracellular matrix.

Nevertheless, studies have reported that PTX3 may exhibit a pro-inflammatory activity, underlying its “dual complexity” (31). Indeed, PTX3-deficient mice or mice injected with PTX3 develop less severe phenotypes in various models of sterile inflammation (32–34). Especially, a direct role of PTX3 on endothelial cell functions has been described (i.e., dysfunction and morphological changes in the endothelial layer through a P-selectin/matrix metalloproteinase-1 pathway) (35, 36). Considering its diversity of functions, PTX3 is considered as a pivotal sPRM at the crossroad between innate immunity, inflammation, matrix deposition and female fertility (4).




Pentraxins, Cell Death, and Immune Responses

The management of dying cell clearance is critical to maintain tolerance and to avoid the initiation of auto-immune responses. Schematically, the dichotomy “tolerance versus auto-immunity” is determined by the type of cell death (apoptosis versus necrosis) and the absence or presence of inflammation (either induced by PAMPs or DAMPs) at the time of dying cell clearance.

Apoptosis is characterized by coordinated (programmed) processes allowing dying cells to be eliminated without release of potentially harmful and inflammatory endogenous DAMPs. The clearance of early apoptotic cells is classically viewed as a dynamic tolerogenic process allowing maintaining or inducing regulatory T cell responses. In contrast, necrosis, which usually occurs following a severe aggression, whether sterile or not, is a passive, accidental cell death process accompanied by the release of intracellular components into the extracellular environment, among which are found potent inflammatory and cytotoxic molecules (such as histones and HMGB1) (37). Importantly, the processing of dying cell-derived antigens in an inflammatory context may lead to the activation/maturation of professional antigen-presenting cells and, ultimately, to the activation of self-reactive T cells.

Phagocytosis of apoptotic cells, also called efferocytosis, is a fine-tuned process, involving at least three molecular partners (38): (i) eat-me molecules (i.e., neo-expressed motifs allowing discriminating live and dying cells), (ii) sensing and internalization receptors expressed by phagocytes, such as complement component receptor (which recognize collectins), scavenger receptors, integrins, and other receptors (e.g., MER and CR3/CR4), and (iii) sPRM acting as bridging molecules between dying cells and phagocytes.

The pivotal role of opsonins in the clearance of apoptotic cells has been illustrated in C1q- and SAP-deficient mice. C1q-deficient mice spontaneously develop signs of autoimmunity (39) and mice with targeted deletion of the SAP gene spontaneously develop antinuclear autoimmunity and severe glomerulonephritis, a phenotype resembling human SLE (40).

While CRP and SAP have a facilitating role (11, 41, 42), the role dedicated to PTX3 remains unclear. Indeed, our team has demonstrated that preformed PTX3 contained within neutrophil granules is relocalized at the surface of dying neutrophils, thereby acting as an “eat-me” molecule to mediate their capture by phagocytes (43). In contrast, a study reported that PTX3 binds selectively to late apoptotic cells and inhibits their capture by phagocytes (42, 44) suggesting that short and long pentraxins, in the extracellular milieu, may have opposite impacts on apoptotic cells clearance.

It remains also difficult to reconcile in vitro and in vivo data. On the one hand, and contrary to what would have been suspected based on in vitro data, SLE-prone mice supplemented with CRP and CRP-transgenic mice develop a mild kidney disease (45–47). On the other hand, and in agreement with in vitro data, C57/BL6 SAP-deficient mice can produce autoantibodies and develop immune complex glomerulonephritis (40, 48). It is important to note that the genetic background is important in enabling autoimmune phenotype expression. Indeed, SAP-/- C57/BL6 but not SAP-/- 129/Sv mice, spontaneously develop autoantibodies (48). Moreover, the authors also reported that SAP-/- and SAP-/- human SAP transgenic mice exhibit a similar autoimmune profile, suggesting that differences may exist between the human and mouse SAP in their capacity to interact with DAMPs. A similar complexity has been reported in C1q-deficient mice, as C1q-/- C57/BL6×129Sv but not C1q-/- C57/BL6 mice spontaneously develop autoimmunity and glomerulonephritis (39). These studies underline the important of genetic background of mice in their susceptibility to develop autoimmunity, suggesting that tolerance breakdown could be strain dependent or dependent on the strategy to knock out target gene expression (impact of genetic recombination on the expression of other key genes) and/or that differences exist between human and mouse sPRM in their capacity to interact with DAMPs. To the best of our knowledge, PTX3-deficient mice do not spontaneously develop signs of autoimmunity. However, they develop a more severe phenotype in a ischemia reperfusion injury model (49) but exhibit a reduced inflammation in an acute arthritis model (50), even though both models are associated with a strong inflammation and, certainly, consecutive or associated to cell death. Moreover, PTX3-deficient mice bred with SLE prone mice have a decreased ability to clear apoptotic cells and tissue damages are aggravated in lung but not in kidney. Collectively, these results suggest that PTX3 deficiency may favor tissue injury associated to the initiation of an autoimmune response (51).

The potential role of pentraxins during auto-immune diseases has been reinforced by translational studies. CRP has been found decreased during SLE flares whereas inflammation markers were elevated (52, 53), suggesting that low levels of CRP may be associated with an impaired efferocytosis (54). Moreover, we reported that the levels of PTX3 are lower in patients with SLE during active disease as compared to healthy subjects (55). Whether these decreases impact the efferocytosis process remains undetermined. Nevertheless, these results suggest that a decrease of pentraxin levels which may lead to a reduced efferocytosis, is associated with an autoimmune signature that can be induced by the processing of dying cells in an inflammatory environment.

Collectively, and although the predominant roles of pentraxins seem to be host-protective, detrimental effects were observed in certain experimental settings. This so-called “yin-yang” effect may be inherent to the multi-functional properties of pentraxins, the complexity of efferocytosis, the redundancy between sPRM and the potential interaction of pentraxins with different DAMPs released by dying cells (56).




Anti-Pentraxin Antibodies in Autoimmune Diseases

Antibodies directed against CRP, SAP, and PTX3 have been detected in various autoimmune diseases, especially in SLE and ANCA-associated vasculitis (AAV). Their potential roles in the pathogenesis of autoimmune diseases are described thereafter.


Anti-Pentraxin Autoantibodies in SLE

SLE is an autoimmune disease with a very heterogeneous clinical presentation. The prognosis is mainly dependent on renal impairment, affecting 50% to 70% of patients. SLE is characterized by the production of autoantibodies directed against a large panel of self-antigens, including mainly nuclear antigens (DNA, soluble nuclear antigens (Sm), ribonucleoproteins (RNP) and histones) but also anti-pentraxin Abs. SLE is also characterized by the activation of complement and the deposition of immune complexes that lead to systemic tissue damages (especially renal, vascular, hematological, cutaneous, and articular lesions) (57). The emergence of autoantibodies is determined by environmental, hormonal, and genetic factors suspected to be involved in the dysregulation of the innate and adaptive immune systems. In a mechanistic point of view, SLE is driven by a strong activation of dendritic cells and the production of type I interferons and is associated to an altered efferocytosis (57, 58).


Anti-CRP Antibodies in SLE

Autoantibodies directed against CRP bind to the monomeric form but not the pentameric form (59). The dissociation of a pentameric to a monomeric form of CRP has been reported in inflammatory situations (60) and monomeric CRP accumulates at the surface of various cell types (B cells, NK cells, platelets) and in inflamed tissues (61).

Anti-CRP Abs have been initially reported in SLE (Table 1) (76). They are present in a significant proportion of patients, ranging from 22% to 78%. Only one study (65) did not found an increased prevalence of anti-CRP Abs in SLE patients compared to healthy subjects. This conflicting result may be due to different methods of Abs determination.


Table 1 | Prevalence of anti-pentraxin antibodies in different autoimmune diseases.



The correlation between the presence of anti-CRP Abs and clinical presentation at disease onset was not systematically evaluated (59, 62). In a study including 137 patients with SLE, Figueredo et al. showed that patients with anti-CRP Abs also had elevated levels of anti-double strand (ds) DNA and anti-phospholipids Abs and low levels of the complement component C3. The frequency of anti-CRP Abs was also more frequent in patients with nephritis (27% and 13% in patients with or without nephritis, respectively) (63). Nevertheless, this result was not confirmed in another study (69). In patients with nephritis, anti-CRP Abs were also more frequent (66). Moreover, patients with anti-CRP Abs also had a higher SLEDAI score (66, 70) and were more likely to present with acute renal injury (66). However, these results must be nuanced as no relation between disease activity and presence of anti-CRP Abs was found by others (67, 72). Focusing on renal involvement, a significant correlation was found between anti-CRP Abs and acute renal tubulointerstitial injury (inflammation and fibrosis) but not with specific glomerular lesions (66). Collectively, these data suggest that anti-CRP Abs reflect SLE activity rather than a specific pattern of SLE nephritis.



Anti-SAP Antibodies in SLE

To the best of our knowledge, only two studies reported the prevalence of anti-SAP Abs in SLE (65, 73) (Table 1). In two studies performed by the same team, Zandman et al (73). included 328 patients with SLE and found anti-SAP Abs in 44% of patients, slightly above the 20% found in the second study, as compared with 2% in healthy subjects (65). As for anti-CRP Abs, anti-SAP Abs were not associated with a specific disease phenotype (73), despite an association with anti-dsDNA titers and disease severity index. The levels of auto-Abs lowered under treatment.



Anti-PTX3 Antibodies in SLE

Anti-PTX3 autoantibodies were first described in SLE patients by our team (55). Their strong prevalence (≃ 50% of patients, as compared to 4% in healthy subjects) was later confirmed in an independent study (74). In our cohort, we observed an association between anti-PTX3 Ab levels and disease activity (assessed by the SLEDAI score). Antibodies titers were also correlated with classical SLE activity biomarkers, such as anti-dsDNA Abs, anti-nuclear Abs and C3/C4 complement components levels (55). However, the study by Bassi et al. did not found any association between anti-PTX3 antibody positivity and SLE activity (74). The authors assessed disease activity using the ECLAM (European Consensus Lupus Activity Measurement) score, making it difficult to compare the two studies. Interestingly, in this study, the authors suggested that anti-PTX3 autoantibodies might provide protection from renal involvement as they represent an independent factor negatively associated with kidney injury. Similar results were reported in a recent study evaluating the prevalence of anti-PTX3 Abs in SLE (75). In this large cohort study, including 246 SLE patients and 100 healthy subjects, Yuan et al. found that patients with SLE nephritis had a lower prevalence of anti-PTX3 Abs compared with patients without nephritis (20% versus 40%, respectively). Moreover, the serum levels of anti-PTX3 Abs were negatively correlated with proteinuria in lupus nephritis. The levels of proteinuria, serum creatinine and the prevalence of thrombotic microangiopathy were also higher in patients without anti-PTX3 Abs. Although it did not reach statistical significance, patients with anti-PTX3 antibodies were less likely to reach end stage kidney disease. PTX3 deposition and renal fibrosis were also significantly lower in anti-PTX3 Ab-positive patients than negative patients (74, 77). These results are consistent with data in animal models. Indeed, lupus prone NZB/NZW mice immunized with PTX3 produce anti-PTX3 Abs and have a delayed occurrence of nephritogenic Abs, a decreased proteinuria, and an increased survival (78).

These results suggest that the balance between the levels of serum PTX3 and anti-PTX3 autoantibodies might influence the nephritic process (progression or attenuation). Anti-PTX3 Abs are not only markers of the inflammatory status in SLE but may also be protective by counteracting the deleterious effects of tissue deposition of PTX3 or complement activation, especially in kidneys. In support, the occurrence of anti-dsDNA and anti-C1q Abs in PTX3-immunized mice was significantly delayed and their levels increased when anti-PTX3 autoantibodies were decreasing. Hence, anti-PTX3 antibodies may prevent the proinflammatory deposition of PTX3 in target organs, decreasing the amount of available autoantigens in inflamed kidneys. This suggests that anti-PTX3 Abs might inhibit the secretion of nephritogenic Abs in lupus nephritis (78).




Anti-Pentraxin Antibodies in AAV

ANCA-associated vasculitis (AAV) include granulomatosis with polyangiitis (GPA), micropolyangiitis (MPA) and granulomatosis with polyangiitis and hypereosinophilia (EGPA). AAV are systemic pathologies related to small vessel inflammation whose prognosis is mainly linked to renal (rapidly progressive glomerulonephritis) and pulmonary (intra-alveolar hemorrhage) damages (79). These conditions can rapidly become life-threatening or lead to irreversible functional impairment of the affected organ if they are not promptly treated. Renal or pulmonary impairment can be associated with skin, ear-nose-throat, joint, or neurological damages. These autoimmune diseases are frequently associated with the presence of ANCA, which are diagnostic markers in 80%–90% of patients (80). ANCA-negative vasculitis have been described, especially in patients with EGPA (up to 50%) but also in patients with GPA or MPA (up to 10%) (81–83), raising the possibility of other autoantibodies which remain to be identified. The identification of these autoantibodies should be useful for the formal diagnosis of AAV, as early diagnosis is essential to initiate appropriate treatment in order to limit irreversible organ injuries and favor long-term patient survival (84). Some ANCA targeting “minor antigens” have been described (directed against bactericidal/permeability increasing protein, elastase, and cathepsin G) in various autoimmune diseases, especially connective tissue diseases, but their pathogenic role in AAV remains to be demonstrated (85, 86). Antibodies against pentraxins have been described in AAV patients.


Anti-CRP Antibodies in AAV

As reported by our group and by Tan et al. (68, 71), anti-CRP Abs were found more frequently in AAV patients as compared to healthy controls, but the levels were similar levels in both groups. To our knowledge, no other study addressed this issue.



Anti-SAP Antibodies in AAV

In our study, the only one to our knowledge that evaluated the prevalence of anti-SAP Abs in AAV patients (71), anti-SAP Ab titers were higher in AAV patients than in healthy subjects. Moreover, 17.5% of AAV patients were positive for anti-SAP Abs compared with 3.2% in the control groups. Among the anti-SAP-positive patients, two were ANCA negative, suggesting that anti-SAP Abs could represent a diagnostic marker in this group of patients.



Anti-PTX3 Antibodies in AAV

The fact that PTX3 is constitutively expressed by fully differentiated (mature) neutrophils suggests that it may represent a potential target for ANCA. Unlike short pentraxins which are synthetized in the liver (9), PTX3 is stored into neutrophil-specific granules (87). Moreover, PTX3 can be localized in neutrophil extra-cellular traps (NETs) with other intracellular proteins targeted by these autoantibodies, such as MPO and PR3 (56, 88). NETs result from a particular type of neutrophil death called NETosis (89), which is characterized by the release of the intracellular content, including genomic DNA. Extracellular DNA thus forms a network to which are associated intracellular molecules such as PR3 and MPO. NETs are microbicide, contributing to fight extracellular infectious agents. However, NETs can also be cytotoxic for endothelial cells and tissues during sterile inflammation. NETosis favors tolerance breakdown, promoting autoimmunity as evidenced by the generation of ANCA through dendritic cell-mediated antigen presentation (90, 91). Moreover, ANCA can induce NETs, which can, in turn, activate the complement alternative pathway (92–94), leading to an amplification loop of neutrophil activation and death. Indeed, C5a will further attracts and primes neutrophils, rendering them more sensitive to ANCA-mediated activation.

Anti-PTX3 Abs were assessed in the serums of 150 AAV patients by our team (71). Nearly 40% of AAV patients had anti-PTX3 Abs. Moreover, Abs titers were higher in patients with active than in those with inactive AAV. In our cohort, 14 patients (6 EGPA, 6 MPA, and 2 GPA) were positive for indirect immunofluorescence (IIF) ANCA screening, but negative for major (MPO, PR3) and minor (lactoferrin, BPI, elastase, and cathepsin G) ANCA antigens. Interestingly half of them (7/14) had detectable anti-PTX3 Abs. Moreover, anti-PTX3 Abs were found to have a unique IIF pattern known as “small cytoplasmic” ANCA characterized by small-size cytoplasmic granules in methanol- and ethanol-fixed neutrophils, and less intense in formol-fixed neutrophils.

Nevertheless, we did not find any clue for a pathological role of these Abs. Indeed, no difference of renal outcome between anti-PTX3 autoantibody-positive and -negative patients was observed and no relation between anti-PTX3 Ab levels and kidney function at the time of AAV diagnosis was observed (personal unpublished data). It would probably be interesting to evaluate the prevalence of anti-PTX3 Abs in a larger cohort of ANCA-negative patients before to conclude on their clinical relevance and predictive value.

We may wonder whether anti-PTX3 Abs are really ANCA. Indeed, anti-PTX3 Abs were found positive by immunofluorescence on fixed neutrophils and anti-PTX3 Ab positivity was observed in ANCA-negative AAV patients. Finally, the biological role(s) of anti-PTX3 Abs remain(s) to be evaluated. The purification of anti-PTX3 Abs from the serum of patients without other detectable ANCA would allow analyzing the in vitro biological activity of these autoantibodies.




Anti-Pentraxin Antibodies in Other Autoimmune Systemic Diseases


Anti-Short Pentraxin Antibodies

Anti-CRP Abs have been identified in other autoimmune diseases, such as systemic sclerosis (SSc), rheumatoid arthritis (RA), and Sjögren syndrome (SS) patients, although at a lower prevalence than in SLE patients (Table 1). Interestingly, a high prevalence of anti-CRP Abs (54%) has been reported in patients with primary anti-phospholipid syndrome (PAPS) (63). Patients with PAPS and anti-CRP Abs were more likely to present thrombosis or fetal loss (55% vs 20%). More studies are needed to evaluate if anti-CRP Abs could be used as a biomarker for thrombosis risk assessment.

To the best of our knowledge, the presence of anti-SAP Abs in disease other that SLE or AAV has not been reported.



Anti-PTX3 Antibodies

Anti-PTX3 Abs have been detected in other autoimmune diseases such as SSc, SS and RA, but at a frequency similar to healthy subjects (74).





Anti-Pentraxin Antibodies: Pathogenic Actors or Bystander Markers?

The presence of anti-pentraxin autoantibodies has been reported mainly in SLE and AAV. Interestingly, antibody levels are generally high at disease onset and decline during remission phases, suggesting that they may represent, at least, diagnostic markers.

It should be noted that, given the strong homology between pentraxins, and in particular between the short pentraxins CRP and SAP, the potential cross-reactivity of autoantibodies directed against pentraxins can be a source of error on the nature of the target as well as on their potential pathological roles.

At this time, we do not know whether these antibodies reflect only tolerance breakdown, like many other autoantibodies reported in these pathologies, or whether they play a pathophysiological role. A potential pathological role for autoantibodies is supported by data on MPO-ANCA for which a pathogenic role is highly suspected. In addition to their capacity to activate neutrophils, MPO-ANCA induce glomerulonephritis when injected in mice (95) and vasculitis in newborns after placental transmission (96). Although neonatal lupus with congenital atrioventricular block after placental transmission anti-Sjögren’s-syndrome-related antigen A (SSA) Abs has been described (97), the pathogenicity of antinuclear Abs remains a matter of debate.

To date, no experimental in vitro or in vivo data supports a pathogenic role for anti-pentraxin Abs. Purifying anti-pentraxin Abs may allow to evaluate their potential pathological role, as previously described for anti-MPO and anti-PR3 Abs. However, the cross-reactivity of anti-pentraxin antibodies, which is more than likely due to strong sequence (especially between CRP, SAP, and the C-terminal domain of PTX3) and structure homologies (accessibility to shared conformational epitopes exposed at the surface of pentraxins), makes it difficult to draw a conclusion. Moreover, different epitopes of each pentraxin could be recognized by different antibodies, and the resulting functional outcomes may have different consequences. The isotype of the anti-pentraxin autoantibodies, the site of production (tissue versus mucosal barriers) and the immune status of the tissue at the time of efferocytosis (such as chronic inflammation) can also have important consequences on the regulatory versus activating potential of these autoantibodies. Such complexity could lead to misinterpretation of the roles of anti-PTX Abs in the pathogenesis of autoimmune diseases.

Nevertheless, and based on the role of pentraxins in efferocytosis, it is tempting to speculate that these autoantibodies could alter the efferocytosis process and, consequently, the outcome of immune responses against self-antigens.

On the one hand, anti-pentraxin Abs could inhibit or delay apoptotic cells engulfment by professional antigen-presenting cells, leading to the evolution of dying cells from early to late apoptotic cells. Importantly, late apoptotic/secondary necrotic cells can release potent inflammatory DAMPs that can activate antigen-presenting cells and, consequently, induce the initiation of humoral and cellular specific immune responses. On the other hand, anti-pentraxin Abs may induce the phagocytosis of PTX-opsonized dying cells via FcγR, a process that favors antigen-presenting cell activation and antigen processing that, ultimately, favors the initiation of MHC-I and MHC-II immune responses (98, 99). Moreover, while the interaction of apoptotic cells with pentraxins usually has an opsonizing role, a reduced internalization of apoptotic cells by dendritic cells has been reported for PTX3. The authors described this mechanism as “PTX3 censorship”, i.e., masking of “eat-me” signals rendering them not detectable by phagocytes (100). Antibodies directed against PTX3 could therefore re-confer immunogenicity to apoptotic cells by promoting the presentation of apoptotic cell-associated antigens by professional APCs and, consequently, the priming and/or expansion of self-reactive T cells. Even though speculative, both mechanisms, which are not exclusive and could occur concomitantly, may favor/maintain the development of autoimmune responses directed against dying cell-associated antigens (Figure 1). Additional studies need to be performed to elucidate the complex dialog between soluble and membrane associated PTX3 (soluble versus) with anti-PTX3 Abs and consequences on sensing and processing of apoptotic cells. Finally, a lower frequency of anti-PTX3 Abs have been reported in patients with lupus nephritis, suggesting that these autoantibodies could also be protecting against PTX3 or complement deposition in kidneys, further enhancing the complexity of the potential pathogenic role of anti-pentraxin auto-antibodies.




Figure 1 | Anti-pentraxin antibodies in autoimmunity: a hypothetical model. Anti-pentraxin antibodies are found elevated at autoimmune disease onset and decline during remission phases, suggesting that they are, at least, diagnostic markers, playing a “bystander role” (left panel). Based on the role of pentraxins in efferocytosis, two hypotheses can be drawn about a hypothetical “pathological role” of anti-pentraxin Abs (right panel). In a physiological context, apoptotic cells are opsonized by pentraxins (PTX) that facilitate their engulfment. This process promotes tolerogenic phagocytes and prevents inflammation. The presence of anti-pentraxin Abs can lead to the initiation of adaptive immune responses against dying cell antigens and NETosis, a pro-inflammatory process associated with the release of autoantigens. First, anti-PTX Ab may behave as neutralizing antibodies, inhibiting apoptotic cells engulfment by professional antigen-presenting cells, leading to the evolution of dying cells from early to late apoptotic/necrotic cells. These dying cells release potent inflammatory DAMPs inducing the activation of antigen-presenting cells. Second, anti-PTX Ab can be considered as activating Ab, inducing the phagocytosis of dying cells via FcγR. This process also induces the activation of antigen-presenting cells, favoring the initiation of MHC-I and MHC-II immune responses through antigen presentation and cross-presentation. Whatever the “function” of anti-pentraxin Ab, they initiate an inflammatory process leading to a deleterious amplification loop responsible for tissue damages.



Nevertheless, we cannot exclude a protective role for anti-pentraxin Ab, notably in kidney disorders associated with anti-pentraxin Abs. Indeed, anti-pentraxin Abs could inhibit the pentraxin deposition in tissue, thereby preventing complement binding and activation. Whether this process may occur in vivo remains undetermined. Another original mechanism has been suggested for anti-SAP Abs. Bickerstaff M et al have reported that SAP inhibits the generation of pathogenic anti-DNA autoantibodies, probably by delaying chromatin degradation (40). This process could be inhibited by anti-SAP Abs, thereby favoring or amplifying the generation of autoantibodies and inflammation.

Nevertheless, it is important to underline that these processes are based on the hypothesis that anti-pentraxin antibodies exhibit mostly similar biological properties. These scenarios can be very different, both in terms of magnitude and nature of the immune response induced, depending on the diversity of autoantibodies produced (isotype, levels) and the presence or absence of each of these pentraxins. The scenario may be even more complicated, particularly due to the involvement of other sPRM and PRR involved in the recognition and removal of danger signals.



Concluding Remarks

Pentraxins are soluble PRM involved in antimicrobial defense and efferocytosis. A tolerance breakdown to pentraxins has been evidenced during various autoimmune diseases. Especially, anti-PTX3 autoantibodies are frequent in SLE and AAV and may be of interest for diagnosis, disease activity, response to treatment and outcomes. Moreover, anti-PTX3 Abs share some characteristics with ANCAs and are associated with a specific indirect immunofluorescence neutrophil staining, suggesting that they differ from other ANCA. The prevalence of anti-PTX3 Abs appears to be high during ANCA-negative AAV and could constitute a useful marker in these settings. Prospective longitudinal clinical studies are required to confirm the potential of anti-PTX3 Abs as diagnosis and prognosis markers. In a mechanistic point of view, studies are required to determine the potential pathogenic role of anti-PTX3 and whether they should be targeted if they are more than just bystanders in severe autoimmune diseases.



Author Contributions

BB wrote the first draft of the manuscript. YD and J-FA provided critical revision of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors. This work was realized in the context of (i) the LabEX IGO program (National Research Agency; ANR-11-LABX-0016-01) and (ii) the University Hospital of Angers - University of Angers joint program (project 3I-Impact).



Abbreviations

AAV, ANCA-associated vasculitis; Ab, antibody; ANCA, anti-neutrophil cytoplasm antibody; CRP, C-reactive protein; DNA, deoxyribonucleic acid; MHC, major histocompatibility complex; MPO, myeloperoxidase; PAPS, primary anti-phospholipid syndrome; PR3, proteinase 3; PTX, pentraxin; RA, rheumatoid arthritis; SAP, serum amyloid P; SLE, systemic lupus erythematosus; SLEDAI, SLE activity index; SS, Sjögren syndrome; SSA, Sjögren’s-syndrome-related antigen A; SSc, systemic sclerosis.



References

1. Janeway, CA, and Medzhitov, R. Innate immune recognition. Annu Rev Immunol (2002) 20:197–216. doi: 10.1146/annurev.immunol.20.083001.084359

2. Locati, M, Curtale, G, and Mantovani, A. Diversity, Mechanisms, and Significance of Macrophage Plasticity. Annu Rev Pathol (2020) 15:123–47. doi: 10.1146/annurev-pathmechdis-012418-012718

3. Jeannin, P, Jaillon, S, and Delneste, Y. Pattern recognition receptors in the immune response against dying cells. Curr Opin Immunol (2008) 20:530–7. doi: 10.1016/j.coi.2008.04.013

4. Garlanda, C, Bottazzi, B, Bastone, A, and Mantovani, A. Pentraxins at the crossroads between innate immunity, inflammation, matrix deposition, and female fertility. Annu Rev Immunol (2005) 23:337–66. doi: 10.1146/annurev.immunol.23.021704.115756

5. Deban, L, Jaillon, S, Garlanda, C, Bottazzi, B, and Mantovani, A. Pentraxins in innate immunity: lessons from PTX3. Cell Tissue Res (2011) 343:237–49. doi: 10.1007/s00441-010-1018-0

6. Gewurz, H, Zhang, XH, and Lint, TF. Structure and function of the pentraxins. Curr Opin Immunol (1995) 7:54–64. doi: 10.1016/0952-7915(95)80029-8

7. Guillon, C, Bigouagou, UM, Folio, C, Jeannin, P, Delneste, Y, and Gouet, P. A staggered decameric assembly of human C-reactive protein stabilized by zinc ions revealed by X-ray crystallography. Protein Pept Lett (2014) 22:248–55. doi: 10.2174/0929866522666141231111226

8. Martinez de la Torre, Y, Fabbri, M, Jaillon, S, Bastone, A, Nebuloni, M, Vecchi, A, et al. Evolution of the pentraxin family: the new entry PTX4. J Immunol Baltim Md 1950 (2010) 184:5055–64. doi: 10.4049/jimmunol.0901672

9. Pepys, MB, and Hirschfield, GM. C-reactive protein: a critical update. J Clin Invest (2003) 111:1805–12. doi: 10.1172/JCI18921

10. Botto, M, Hawkins, PN, Bickerstaff, MC, Herbert, J, Bygrave, AE, McBride, A, et al. Amyloid deposition is delayed in mice with targeted deletion of the serum amyloid P component gene. Nat Med (1997) 3:855–9. doi: 10.1038/nm0897-855

11. Gershov, D, Kim, S, Brot, N, and Elkon, KB. C-Reactive protein binds to apoptotic cells, protects the cells from assembly of the terminal complement components, and sustains an antiinflammatory innate immune response: implications for systemic autoimmunity. J Exp Med (2000) 192:1353–64. doi: 10.1084/jem.192.9.1353

12. Agrawal, A, Singh, PP, Bottazzi, B, Garlanda, C, and Mantovani, A. Pattern recognition by pentraxins. Adv Exp Med Biol (2009) 653:98–116. doi: 10.1007/978-1-4419-0901-5_7

13. Inforzato, A, Doni, A, Barajon, I, Leone, R, Garlanda, C, Bottazzi, B, et al. PTX3 as a paradigm for the interaction of pentraxins with the complement system. Semin Immunol (2013) 25:79–85. doi: 10.1016/j.smim.2013.05.002

14. Ng, PML, Le Saux, A, Lee, CM, Tan, NS, Lu, J, Thiel, S, et al. C-reactive protein collaborates with plasma lectins to boost immune response against bacteria. EMBO J (2007) 26:3431–40. doi: 10.1038/sj.emboj.7601762

15. Mantovani, A, Valentino, S, Gentile, S, Inforzato, A, Bottazzi, B, and Garlanda, C. The long pentraxin PTX3: a paradigm for humoral pattern recognition molecules. Ann N Y Acad Sci (2013) 1285:1–14. doi: 10.1111/nyas.12043

16. Okemefuna, AI, Nan, R, Miller, A, Gor, J, and Perkins, SJ. Complement factor H binds at two independent sites to C-reactive protein in acute phase concentrations. J Biol Chem (2010) 285:1053–65. doi: 10.1074/jbc.M109.044529

17. Bharadwaj, D, Mold, C, Markham, E, and Du Clos, TW. Serum amyloid P component binds to Fc gamma receptors and opsonizes particles for phagocytosis. J Immunol Baltim Md 1950 (2001) 166:6735–41. doi: 10.4049/jimmunol.166.11.6735

18. Mold, C, Baca, R, and Du Clos, TW. Serum amyloid P component and C-reactive protein opsonize apoptotic cells for phagocytosis through Fcgamma receptors. J Autoimmun (2002) 19:147–54. doi: 10.1006/jaut.2002.0615

19. Mold, C, Gresham, HD, and Du Clos, TW. Serum amyloid P component and C-reactive protein mediate phagocytosis through murine Fc gamma Rs. J Immunol Baltim Md 1950 (2001) 166:1200–5. doi: 10.4049/jimmunol.166.2.1200

20. Lu, J, Marnell, LL, Marjon, KD, Mold, C, Du Clos, TW, and Sun, PD. Structural recognition and functional activation of FcgammaR by innate pentraxins. Nature (2008) 456:989–92. doi: 10.1038/nature07468

21. Basile, A, Sica, A, d’Aniello, E, Breviario, F, Garrido, G, Castellano, M, et al. Characterization of the Promoter for the Human Long Pentraxin PTX3: ROLE OF NF-κB IN TUMOR NECROSIS FACTOR-α AND INTERLEUKIN-1β REGULATION. J Biol Chem (1997) 272:8172–8. doi: 10.1074/jbc.272.13.8172

22. Jaillon, S, Peri, G, Delneste, Y, Frémaux, I, Doni, A, Moalli, F, et al. The humoral pattern recognition receptor PTX3 is stored in neutrophil granules and localizes in extracellular traps. J Exp Med (2007) 204:793–804. doi: 10.1084/jem.20061301

23. Lominadze, G, Powell, DW, Luerman, GC, Link, AJ, Ward, RA, and McLeish, KR. Proteomic analysis of human neutrophil granules. Mol Cell Proteomics MCP (2005) 4:1503–21. doi: 10.1074/mcp.M500143-MCP200

24. Thakur, R, and Shankar, J. In silico Analysis Revealed High-risk Single Nucleotide Polymorphisms in Human Pentraxin-3 Gene and their Impact on Innate Immune Response against Microbial Pathogens. Front Microbiol (2016) 7:192. doi: 10.3389/fmicb.2016.00192

25. Moalli, F, Paroni, M, Véliz Rodriguez, T, Riva, F, Polentarutti, N, Bottazzi, B, et al. The therapeutic potential of the humoral pattern recognition molecule PTX3 in chronic lung infection caused by Pseudomonas aeruginosa. J Immunol Baltim Md 1950 (2011) 186:5425–34. doi: 10.4049/jimmunol.1002035

26. Reading, PC, Bozza, S, Gilbertson, B, Tate, M, Moretti, S, Job, ER, et al. Antiviral activity of the long chain pentraxin PTX3 against influenza viruses. J Immunol Baltim Md 1950 (2008) 180:3391–8. doi: 10.4049/jimmunol.180.5.3391

27. Bozza, S, Campo, S, Arseni, B, Inforzato, A, Ragnar, L, Bottazzi, B, et al. PTX3 binds MD-2 and promotes TRIF-dependent immune protection in aspergillosis. J Immunol Baltim Md 1950 (2014) 193:2340–8. doi: 10.4049/jimmunol.1400814

28. Moalli, F, Doni, A, Deban, L, Zelante, T, Zagarella, S, Bottazzi, B, et al. Role of complement and Fc{gamma} receptors in the protective activity of the long pentraxin PTX3 against Aspergillus fumigatus. Blood (2010) 116:5170–80. doi: 10.1182/blood-2009-12-258376

29. Mold, C, Rodriguez, W, Rodic-Polic, B, and Du Clos, TW. C-reactive protein mediates protection from lipopolysaccharide through interactions with Fc gamma R. J Immunol Baltim Md 1950 (2002) 169:7019–25. doi: 10.4049/jimmunol.169.12.7019

30. Deban, L, Jarva, H, Lehtinen, MJ, Bottazzi, B, Bastone, A, Doni, A, et al. Binding of the long pentraxin PTX3 to factor H: interacting domains and function in the regulation of complement activation. J Immunol Baltim Md 1950 (2008) 181:8433–40. doi: 10.4049/jimmunol.181.12.8433

31. Magrini, E, Mantovani, A, and Garlanda, C. The Dual Complexity of PTX3 in Health and Disease: A Balancing Act? Trends Mol Med (2016) 22:497–510. doi: 10.1016/j.molmed.2016.04.007

32. Souza, DG, Amaral, FA, Fagundes, CT, Coelho, FM, Arantes, RME, Sousa, LP, et al. The Long Pentraxin PTX3 Is Crucial for Tissue Inflammation after Intestinal Ischemia and Reperfusion in Mice. Am J Pathol (2009) 174:1309–18. doi: 10.2353/ajpath.2009.080240

33. Souza, DG, Soares, AC, Pinho, V, Torloni, H, Reis, LFL, Martins, MT, et al. Increased Mortality and Inflammation in Tumor Necrosis Factor-Stimulated Gene-14 Transgenic Mice after Ischemia and Reperfusion Injury. Am J Pathol (2002) 160:1755–65. doi: 10.1016/S0002-9440(10)61122-4

34. Real, JM, Spilborghs, GMGT, Morato-Marques, M, de Moura, RP, Negri, EM, Camargo, AA, et al. Pentraxin 3 accelerates lung injury in high tidal volume ventilation in mice. Mol Immunol (2012) 51:82–90. doi: 10.1016/j.molimm.2012.02.113

35. Suzuki, S, Shishido, T, Funayama, A, Netsu, S, Ishino, M, Kitahara, T, et al. Long Pentraxin PTX3 Exacerbates Pressure Overload–Induced Left Ventricular Dysfunction. PloS One (2013) 8:e53133. doi: 10.1371/journal.pone.0053133

36. Carrizzo, A, Lenzi, P, Procaccini, C, Damato, A, Biagioni, F, Ambrosio, M, et al. Pentraxin 3 Induces Vascular Endothelial Dysfunction Through a P-selectin/Matrix Metalloproteinase-1 Pathway. Circulation (2015) 131:1495–505. doi: 10.1161/CIRCULATIONAHA.114.014822

37. D’Arcy, MS. Cell death: a review of the major forms of apoptosis, necrosis and autophagy. Cell Biol Int (2019) 43:582–92. doi: 10.1002/cbin.11137

38. Morioka, S, Maueröder, C, and Ravichandran, KS. Living on the Edge: Efferocytosis at the Interface of Homeostasis and Pathology. Immunity (2019) 50:1149–62. doi: 10.1016/j.immuni.2019.04.018

39. Mitchell, DA, Pickering, MC, Warren, J, Fossati-Jimack, L, Cortes-Hernandez, J, Cook, HT, et al. C1q deficiency and autoimmunity: the effects of genetic background on disease expression. J Immunol Baltim Md 1950 (2002) 168:2538–43. doi: 10.4049/jimmunol.168.5.2538

40. Bickerstaff, MCM, Botto, M, Hutchinson, WL, Herbert, J, Tennent, GA, Bybee, A, et al. Serum amyloid P component controls chromatin degradation and prevents antinuclear autoimmunity. Nat Med (1999) 5:694–7. doi: 10.1038/9544

41. Mihlan, M, Stippa, S, Józsi, M, and Zipfel, PF. Monomeric CRP contributes to complement control in fluid phase and on cellular surfaces and increases phagocytosis by recruiting factor H. Cell Death Differ (2009) 16:1630–40. doi: 10.1038/cdd.2009.103

42. van Rossum, AP, Fazzini, F, Limburg, PC, Manfredi, AA, Rovere-Querini, P, Mantovani, A, et al. The prototypic tissue pentraxin PTX3, in contrast to the short pentraxin serum amyloid P, inhibits phagocytosis of late apoptotic neutrophils by macrophages. Arthritis Rheum (2004) 50:2667–74. doi: 10.1002/art.20370

43. Jaillon, S, Jeannin, P, Hamon, Y, Frémaux, I, Doni, A, Bottazzi, B, et al. Endogenous PTX3 translocates at the membrane of late apoptotic human neutrophils and is involved in their engulfment by macrophages. Cell Death Differ (2009) 16:465–74. doi: 10.1038/cdd.2008.173

44. Baruah, P, Dumitriu, IE, Peri, G, Russo, V, Mantovani, A, Manfredi, AA, et al. The tissue pentraxin PTX3 limits C1q-mediated complement activation and phagocytosis of apoptotic cells by dendritic cells. J Leukoc Biol (2006) 80:87–95. doi: 10.1189/jlb.0805445

45. Rodriguez, W, Mold, C, Marnell, LL, Hutt, J, Silverman, GJ, Tran, D, et al. Prevention and reversal of nephritis in MRL/lpr mice with a single injection of C-reactive protein. Arthritis Rheum (2006) 54:325–35. doi: 10.1002/art.21556

46. Szalai, AJ. C-Reactive Protein (CRP) and Autoimmune Disease: Facts and Conjectures. Clin Dev Immunol (2004) 11:221–6. doi: 10.1080/17402520400001751

47. Szalai, AJ, Weaver, CT, McCrory, MA, van Ginkel, FW, Reiman, RM, Kearney, JF, et al. Delayed lupus onset in (NZB × NZW)F 1 mice expressing a human C-reactive protein transgene: Delayed Lupus Onset in Mice Expressing Human CRP. Arthritis Rheum (2003) 48:1602–11. doi: 10.1002/art.11026

48. Gillmore, JD, Hutchinson, WL, Herbert, J, Bybee, A, Mitchell, DA, Hasserjian, RP, et al. Autoimmunity and glomerulonephritis in mice with targeted deletion of the serum amyloid P component gene: SAP deficiency or strain combination? Immunology (2004) 112:255–64. doi: 10.1111/j.1365-2567.2004.01860.x

49. de Oliveira, THC, Souza, DG, Teixeira, MM, and Amaral, FA. Tissue Dependent Role of PTX3 During Ischemia-Reperfusion Injury. Front Immunol (2019) 10:1461. doi: 10.3389/fimmu.2019.01461

50. Batista, NV, Barbagallo, M, Oliveira, VLS, Castro-Gomes, T, Oliveira, RDR, Louzada-Junior, P, et al. The Long Pentraxin 3 Contributes to Joint Inflammation in Gout by Facilitating the Phagocytosis of Monosodium Urate Crystals. J Immunol (2019) 202:1807–14. doi: 10.4049/jimmunol.1701531

51. Lech, M, Römmele, C, Kulkarni, OP, Susanti, HE, Migliorini, A, Garlanda, C, et al. Lack of the Long Pentraxin PTX3 Promotes Autoimmune Lung Disease but not Glomerulonephritis in Murine Systemic Lupus Erythematosus. PloS One (2011) 6:e20118. doi: 10.1371/journal.pone.0020118

52. Firooz, N, Albert, D, Wallace, D, Ishimori, M, Berel, D, and Weisman, M. High-sensitivity C-reactive protein and erythrocyte sedimentation rate in systemic lupus erythematosus. Lupus (2011) 20:588–97. doi: 10.1177/0961203310393378

53. Linares, LF, Gomez-Reino, JJ, Carreira, PE, Morillas, L, and Ibero, I. C-reactive protein (CRP) levels in systemic lupus erythematosus (SLE). Clin Rheumatol (1986) 5:66–9. doi: 10.1007/BF02030970

54. Kruse, K, Janko, C, Urbonaviciute, V, Mierke, CT, Winkler, TH, Voll, RE, et al. Inefficient clearance of dying cells in patients with SLE: anti-dsDNA autoantibodies, MFG-E8, HMGB-1 and other players. Apoptosis (2010) 15:1098–113. doi: 10.1007/s10495-010-0478-8

55. Augusto, J-F, Onno, C, Blanchard, S, Dubuquoi, S, Mantovani, A, Chevailler, A, et al. Detection of anti-PTX3 autoantibodies in systemic lupus erythematosus. Rheumatology (2009) 48:442–4. doi: 10.1093/rheumatology/ken507

56. Daigo, K, and Hamakubo, T. Host-protective effect of circulating pentraxin 3 (PTX3) and complex formation with neutrophil extracellular traps. Front Immunol (2012) 3:378. doi: 10.3389/fimmu.2012.00378

57. Tsokos, GC. Systemic Lupus Erythematosus. N Engl J Med (2011) 365:2110–21. doi: 10.1056/NEJMra1100359

58. Brilland, B, Scherlinger, M, Khoryati, L, Goret, J, Duffau, P, Lazaro, E, et al. Platelets and IgE: shaping the innate immune response in systemic lupus erythematosus. Clin Rev Allergy Immunol (2019) 58(2):194–212. doi: 10.1007/s12016-019-08744-x

59. Bell, SA, Faust, H, Schmid, A, and Meurer, M. Autoantibodies to C-reactive protein (CRP) and other acute-phase proteins in systemic autoimmune diseases. Clin Exp Immunol (1998) 113:327–32. doi: 10.1046/j.1365-2249.1998.00655.x

60. Potempa, LA, Zeller, JM, Fiedel, BA, Kinoshita, CM, and Gewurz, H. Stimulation of human neutrophils, monocytes, and platelets by modified C-reactive protein (CRP) expressing a neoantigenic specificity. Inflammation (1988) 12:391–405. doi: 10.1007/BF00915774

61. Eisenhardt, SU, Thiele, JR, Bannasch, H, Stark, GB, and Peter, K. C-reactive protein: How conformational changes influence inflammatory properties. Cell Cycle (2009) 8:3885–92. doi: 10.4161/cc.8.23.10068

62. Sjöwall, C, Eriksson, P, Almer, S, and Skogh, T. Autoantibodies to C-reactive Protein is a Common Finding in SLE, but not in Primary Sjögren’s Syndrome, Rheumatoid Arthritis or Inflammatory Bowel Disease. J Autoimmun (2002) 19:155–60. doi: 10.1006/jaut.2002.0608

63. Figueredo, MA, Rodriguez, A, Ruiz-Yagüe, M, Romero, M, Fernandez-Cruz, A, Gomez-de la Concha, E, et al. Autoantibodies against C-reactive protein: clinical associations in systemic lupus erythematosus and primary antiphospholipid syndrome. J Rheumatol (2006) 33:1980–6.

64. Rosenau, BJ. Antibodies to C reactive protein. Ann Rheum Dis (2006) 65:674–6. doi: 10.1136/ard.2005.037895

65. Shoenfeld, Y, Kravitz, MS, Witte, T, Doria, A, Tsutsumi, A, Tatsuya, A, et al. Autoantibodies against Protective Molecules C1q, C-Reactive Protein, Serum Amyloid P, Mannose-Binding Lectin, and Apolipoprotein A1: Prevalence in Systemic Lupus Erythematosus. Ann N Y Acad Sci (2007) 1108:227–39. doi: 10.1196/annals.1422.025

66. Tan, Y, Yu, F, Yang, H, Chen, M, Fang, Q, and Zhao, M. Autoantibodies against monomeric C-reactive protein in sera from patients with lupus nephritis are associated with disease activity and renal tubulointerstitial lesions. Hum Immunol (2008) 69:840–4. doi: 10.1016/j.humimm.2008.09.006

67. O’Neill, SG, Giles, I, Lambrianides, A, Manson, J, D’Cruz, D, Schrieber, L, et al. Antibodies to apolipoprotein A-I, high-density lipoprotein, and C-reactive protein are associated with disease activity in patients with systemic lupus erythematosus. Arthritis Rheum (2010) 62:845–54. doi: 10.1002/art.27286

68. Tan, Y, Yu, F, Qu, Z, Su, T, Xing, G-Q, Wu, L-H, et al. Modified C-Reactive Protein Might be a Target Autoantigen of TINU Syndrome. Clin J Am Soc Nephrol (2011) 6:93–100. doi: 10.2215/CJN.09051209

69. Pradhan, V, Rajadhyaksha, A, Yadav, K, Surve, P, Patwardhan, M, Dhavale, N, et al. Anti-C reactive protein antibodies in Indian patients with systemic lupus erythematosus. Indian J Nephrol (2013) 23:434. doi: 10.4103/0971-4065.120341

70. Jung, J-Y, Koh, B-R, Kim, H-A, Jeon, J-Y, and Suh, C-H. Autoantibodies to C-Reactive Protein in Incomplete Lupus and Systemic Lupus Erythematosus. J Invest Med (2014) 62:890–3. doi: 10.1097/JIM.0000000000000094

71. Simon, A, Subra, J-F, Guilpain, P, Jeannin, P, Pignon, P, Blanchard, S, et al. Detection of Anti-Pentraxin-3 Autoantibodies in ANCA-Associated Vasculitis. PloS One (2016) 11:e0147091. doi: 10.1371/journal.pone.0147091

72. Son, C-N, Lee, T-H, Bang, J-H, Jeong, H-J, Chae, J-N, Lee, W-M, et al. The relationship between anti-C-reactive protein and disease activity in patients with systemic lupus erythematosus. Korean J Intern Med (2018) 33:823–8. doi: 10.3904/kjim.2016.065

73. Zandman-Goddard, G. Anti-serum amyloid component P antibodies in patients with systemic lupus erythematosus correlate with disease activity. Ann Rheum Dis (2005) 64:1698–702. doi: 10.1136/ard.2005.035832

74. Bassi, N, Ghirardello, A, Blank, M, Zampieri, S, Sarzi-Puttini, P, Mantovani, A, et al. IgG anti-pentraxin 3 antibodies in systemic lupus erythematosus. Ann Rheum Dis (2010) 69:1704–10. doi: 10.1136/ard.2009.117804

75. Yuan, M, Tan, Y, Pang, Y, Li, Y, Song, Y, Yu, F, et al. Anti-pentraxin 3 auto-antibodies might be protective in lupus nephritis: a large cohort study. Ren Fail (2017) 39:465–73. doi: 10.1080/0886022X.2017.1308258

76. Robey, FA, Jones, KD, and Steinberg, AD. C-reactive protein mediates the solubilization of nuclear DNA by complement in vitro. J Exp Med (1985) 161:1344–56. doi: 10.1084/jem.161.6.1344

77. Bassi, N, Del Prete, D, Ghirardello, A, Gatto, M, Ceol, M, Zen, M, et al. PTX3, Anti-PTX3, and Anti-C1q Autoantibodies in Lupus Glomerulonephritis. Clin Rev Allergy Immunol (2015) 49:217–26. doi: 10.1007/s12016-015-8476-9

78. Gatto, M, Ghirardello, A, Luisetto, R, Bassi, N, Fedrigo, M, Valente, M, et al. Immunization with pentraxin 3 (PTX3) leads to anti-PTX3 antibody production and delayed lupus-like nephritis in NZB/NZW F1 mice. J Autoimmun (2016) 74:208–16. doi: 10.1016/j.jaut.2016.07.002

79. Jennette, JC, Falk, RJ, Bacon, PA, Basu, N, Cid, MC, Ferrario, F, et al. revised International Chapel Hill Consensus Conference Nomenclature of Vasculitides. Arthritis Rheum (2013) 65:1–11. doi: 10.1002/art.37715

80. Jennette, JC, and Nachman, PH. ANCA Glomerulonephritis and Vasculitis. Clin J Am Soc Nephrol (2017) 12:1680–91. doi: 10.2215/CJN.02500317

81. Jennette, JC, Falk, RJ, Hu, P, and Xiao, H. Pathogenesis of Antineutrophil Cytoplasmic Autoantibody–Associated Small-Vessel Vasculitis. Annu Rev Pathol Mech Dis (2013) 8:139–60. doi: 10.1146/annurev-pathol-011811-132453

82. Comarmond, C, Pagnoux, C, Khellaf, M, Cordier, J-F, Hamidou, M, Viallard, J-F, et al. Eosinophilic granulomatosis with polyangiitis (Churg-Strauss): Clinical characteristics and long-term followup of the 383 patients enrolled in the French Vasculitis Study Group cohort. Arthritis Rheum (2013) 65:270–81. doi: 10.1002/art.37721

83. Geetha, D, and Jefferson, JA. ANCA-Associated Vasculitis: Core Curriculum 2020. Am J Kidney Dis (2020) 75:124–37. doi: 10.1053/j.ajkd.2019.04.031

84. Flossmann, O, Berden, A, de Groot, K, Hagen, C, Harper, L, Heijl, C, et al. Long-term patient survival in ANCA-associated vasculitis. Ann Rheum Dis (2011) 70:488–94. doi: 10.1136/ard.2010.137778

85. Beauvillain, C, Delneste, Y, Renier, G, Jeannin, P, Subra, JF, and Chevailler, A. Antineutrophil cytoplasmic autoantibodies: how should the biologist manage them? Clin Rev Allergy Immunol (2008) 35:47–58. doi: 10.1007/s12016-007-8071-9

86. Talor, MV, Stone, JH, Stebbing, J, Barin, J, Rose, NR, and Burek, CL. Antibodies to selected minor target antigens in patients with anti-neutrophil cytoplasmic antibodies (ANCA): Minor target antigens in ANCA-associated vasculitis. Clin Exp Immunol (2007) 150:42–8. doi: 10.1111/j.1365-2249.2007.03453.x

87. Jaillon, S, Bonavita, E, Gentile, S, Rubino, M, Laface, I, Garlanda, C, et al. The long pentraxin PTX3 as a key component of humoral innate immunity and a candidate diagnostic for inflammatory diseases. Int Arch Allergy Immunol (2014) 165:165–78. doi: 10.1159/000368778

88. Daigo, K, Yamaguchi, N, Kawamura, T, Matsubara, K, Jiang, S, Ohashi, R, et al. The proteomic profile of circulating pentraxin 3 (PTX3) complex in sepsis demonstrates the interaction with azurocidin 1 and other components of neutrophil extracellular traps. Mol Cell Proteomics (2012) 11:M111.015073. doi: 10.1074/mcp.M111.015073

89. Berthelot, J-M, Le Goff, B, Neel, A, Maugars, Y, and Hamidou, M. NETosis: At the crossroads of rheumatoid arthritis, lupus, and vasculitis. Joint Bone Spine (2017) 84:255–62. doi: 10.1016/j.jbspin.2016.05.013

90. Kessenbrock, K, Krumbholz, M, Schönermarck, U, Back, W, Gross, WL, Werb, Z, et al. Netting neutrophils in autoimmune small-vessel vasculitis. Nat Med (2009) 15:623–5. doi: 10.1038/nm.1959

91. Sangaletti, S, Tripodo, C, Chiodoni, C, Guarnotta, C, Cappetti, B, Casalini, P, et al. Neutrophil extracellular traps mediate transfer of cytoplasmic neutrophil antigens to myeloid dendritic cells toward ANCA induction and associated autoimmunity. Blood (2012) 120:3007–18. doi: 10.1182/blood-2012-03-416156

92. Söderberg, D, and Segelmark, M. Neutrophil Extracellular Traps in ANCA-Associated Vasculitis. Front Immunol (2016) 7:256. doi: 10.3389/fimmu.2016.00256

93. Wang, H, Wang, C, Zhao, M-H, and Chen, M. Neutrophil extracellular traps can activate alternative complement pathways: NETs activate complement in AAV. Clin Exp Immunol (2015) 181:518–27. doi: 10.1111/cei.12654

94. Brilland, B, Garnier, A-S, Chevailler, A, Jeannin, P, Subra, J-F, and Augusto, J-F. Complement alternative pathway in ANCA-associated vasculitis: Two decades from bench to bedside. Autoimmun Rev (2020) 19:102424. doi: 10.1016/j.autrev.2019.102424

95. Xiao, H, Heeringa, P, Hu, P, Liu, Z, Zhao, M, Aratani, Y, et al. Antineutrophil cytoplasmic autoantibodies specific for myeloperoxidase cause glomerulonephritis and vasculitis in mice. J Clin Invest (2002) 110:955–63. doi: 10.1172/JCI200215918

96. Schlieben, DJ, Korbet, SM, Kimura, RE, Schwartz, MM, and Lewis, EJ. Pulmonary-renal syndrome in a newborn with placental transmission of ANCAs. Am J Kidney Dis (2005) 45:758–61. doi: 10.1053/j.ajkd.2005.01.001

97. Brucato, A, Frassi, M, Franceschini, F, Cimaz, R, Faden, D, Pisoni, MP, et al. Risk of congenital complete heart block in newborns of mothers with anti-Ro/SSA antibodies detected by counterimmunoelectrophoresis: a prospective study of 100 women. Arthritis Rheum (2001) 44:1832–5. doi: 10.1002/1529-0131(200108)44:8<1832::AID-ART320>3.0.CO;2-C

98. Mantegazza, AR, Magalhaes, JG, Amigorena, S, and Marks, MS. Presentation of phagocytosed antigens by MHC class I and II. Traffic Cph Den (2013) 14:135–52. doi: 10.1111/tra.12026

99. Junker, F, Gordon, J, and Qureshi, O. Fc Gamma Receptors and Their Role in Antigen Uptake, Presentation, and T Cell Activation. Front Immunol (2020) 11:1393. doi: 10.3389/fimmu.2020.01393

100. Rovere, P, Peri, G, Fazzini, F, Bottazzi, B, Doni, A, Bondanza, A, et al. The long pentraxin PTX3 binds to apoptotic cells and regulates their clearance by antigen-presenting dendritic cells. Blood (2000) 96:4300–6. doi: 10.1182/blood.V96.13.4300.h8004300_4300_4306



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Brilland, Vinatier, Subra, Jeannin, Augusto and Delneste. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 18 February 2021

doi: 10.3389/fimmu.2021.617671

[image: image2]


Endogenous Long Pentraxin 3 Exerts a Protective Role in a Murine Model of Pulmonary Fibrosis


Federica Maccarinelli 1†, Mattia Bugatti 1,2†, Ander Churruca Schuind 1, Sara Ganzerla 2, William Vermi 1,2, Marco Presta 1* and Roberto Ronca 1*


1 Department of Molecular and Translational Medicine, University of Brescia, Brescia, Italy, 2 ASST Spedali Civili di Brescia, Brescia, Italy




Edited by: 
Barbara Bottazzi, University of Milan, Italy

Reviewed by: 
Taruna Madan, National Institute for Research in Reproductive Health (ICMR), India
 Remo Castro Russo, Federal University of Minas Gerais, Brazil

*Correspondence: 
Roberto Ronca
 roberto.ronca@unibs.it
 Marco Prestav marco.presta@unibs.it

†These authors share first authorship

Specialty section: 
 This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology


Received: 15 October 2020

Accepted: 11 January 2021

Published: 18 February 2021

Citation:
Maccarinelli F, Bugatti M, Churruca Schuind A, Ganzerla S, Vermi W, Presta M and Ronca R (2021) Endogenous Long Pentraxin 3 Exerts a Protective Role in a Murine Model of Pulmonary Fibrosis. Front. Immunol. 12:617671. doi: 10.3389/fimmu.2021.617671



Pulmonary fibrosis is a progressive scarring disease of the lungs, characterized by inflammation, fibroblast activation, and deposition of extracellular matrix. The long pentraxin 3 (PTX3) is a member of the pentraxin family with non-redundant functions in innate immune responses, tissue repair, and haemostasis. The role played in the lungs by PTX3 during the fibrotic process has not been elucidated. In this study, the impact of PTX3 expression on lung fibrosis was assessed in an intratracheal bleomycin (BLM)-induced murine model of the disease applied to wild type animals, transgenic mice characterized by endothelial overexpression and stromal accumulation of PTX3 (Tie2-PTX3 mice), and genetically deficient Ptx3−/− animals. Our data demonstrate that PTX3 is produced during BLM-induced fibrosis in wild type mice, and that PTX3 accumulation in the stroma compartment of Tie2-PTX3 mice limits the formation of fibrotic tissue in the lungs, with reduced fibroblast activation and collagen deposition, and a decrease in the recruitment of the immune infiltrate. Conversely, Ptx3-null mice showed an exacerbated fibrotic response and decreased survival in response to BLM treatment. These results underline the protective role of endogenous PTX3 during lung fibrosis and pave the way for the study of novel PTX3-derived therapeutic approaches to the disease.
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Introduction

Pulmonary fibrosis (PF) includes more than 200 different pathological conditions characterized by inflammation and scar tissue formation in the lungs. PF can be grouped in five categories: drug-induced, radiation-induced, environmental, autoimmune, and occupational (1). However, the most common type of PF is represented by the “Idiopathic Pulmonary Fibrosis” (IPF), whose etiology remains unknown. In the last years, the incidence of IPF has increased over time in most countries worldwide, with approximately 50,000 new cases diagnosed each year in the U.S (2).

Starting symptoms of IPF, such as shortness of breath, dry hacking cough and fatigue, get significantly worse when the deposition of scar tissue augments, increases in stiffness and causes an irreversible loss of pulmonary functionality (3).

Despite the unknown cause(s) of IPF, aging (IPF is rare before 50 years of age), cigarette smoking, and genetic predisposition may represent relevant risk factors (4, 5). At histopathological level, IPF appears as a progressive scarring disease in the lungs, characterized by injury and hyperplasia of alveolar epithelial cells and fibroblasts, accumulation of inflammatory cells, consistent deposition of extracellular matrix (ECM), and formation of scars (6). Particular attention has been given to the onset of an inflammatory response and to the presence of an immune infiltrate that establishes and sustains a damaging and fibrotic context in the lungs (7). Even though little is known about the role of monocytes and tissue-resident macrophages in lung fibrosis (8), macrophages are persistently increased in the lung in close proximity to collagen-producing fibroblasts, in keeping with the role exerted by monocytes in the development of experimental fibrosis (9, 10). In particular, M2 macrophages accumulating in the lungs during fibrogenesis have been identified as the major source of several pro-fibrotic mediators, which stimulate fibroblast proliferation and collagen synthesis/deposition (11–14).

Different in vivo animal models of PF have been developed to understand the evolution of fibrotic responses in the lungs and in other organs (15), allowing the identification of cell types, mediators, and processes that are likely involved also in the human disease. To date, bleomycin (BLM)-induced pulmonary fibrosis in mice represents the best characterized murine model to study PF and IPF (15, 16). BLM is an antibiotic efficacious for the treatment of squamous cell carcinomas and skin tumors, but with limiting and dose-dependent pulmonary toxicity that results in progressive fibrosis (17). In mice, a single (or multiple, according to the specific schedule) intratracheal administration of BLM causes lung injury, resulting in pulmonary fibrosis that can be observed by day 14 (15, 18–20). The initial direct damage to alveolar epithelial cells is followed by dense ECM deposition associated with vessel remodeling and intense inflammatory infiltration, mimicking what is observed in patients (15).

The soluble pattern recognition receptor long pentraxin-3 (PTX3) is a member of the pentraxin family and a component of the humoral arm of the innate immunity. PTX3 expression is normally low in tissues and serum under physiological conditions, but the levels of PTX3 quickly rise in the presence of inflammatory and/or infectious stimuli due to its local production by different cell types, such as infiltrating immune cells, endothelial cells, and other stromal components (21). PTX3 exerts its function by binding to different ligands, including growth factors, microbial moieties, complement components, and ECM proteins (22–24). PTX3 has been reported to be upregulated and to play a protective role in various lung diseases (21). In lung infections, the protective function of PTX3 has been described in different pathological settings, including aspergillosis (25), pneumonia (26), and severe acute respiratory syndrome (27). In acute lung injury, which is strictly associated with activation of innate immune responses in the lungs, PTX3 deficiency in Ptx3 null mice results in increased sensitivity to lung tissue damage after exposition to LPS (28). Finally, PTX3 has been proposed as a possible biomarker of disease in acute lung injury and other pulmonary disorders, including asthma, and lung carcinoma (28–30).

In the present study, we investigated the impact of endogenous PTX3 in a BLM-induced murine model of lung fibrosis. Our data show that pulmonary PTX3 expression is upregulated during lung fibrosis. In addition, by using both transgenic PTX3-overexpressing mice and Ptx3 null animals, we demonstrate that endogenous PTX3 exerts a protective effect in BLM-induced lung fibrosis.



Materials and Methods


Bleomycin-Induced Pulmonary Fibrosis

Animal experiments were approved by the local animal ethics committee (OPBA, Organismo Preposto al Benessere degli Animali, Università degli Studi di Brescia, Italy) and were performed in accordance with national guidelines and regulations. Procedures involving animals and their care conformed with institutional guidelines that comply with national and international laws and policies (EEC Council Directive 86/609, OJ L 358, 12 December 1987) and with “ARRIVE” guidelines (Animals in Research Reporting In Vivo Experiments). Eight weeks old wild type (WT) C57BL/6, Ptx3−/− (31) and Tie2-PTX3 (32) male mice received a single, slow intratracheal injection of 4.0 mg/kg bleomycin (B2434 Sigma-Aldrich) dissolved in 30 µl of phosphate-buffered saline (PBS). Body weight variations were monitored throughout the whole experimental period (Supplementary Figure S1). Mice were sacrificed at different time points (14, 21, and 28 days after treatment), and lungs collected and prepared for histopathological analysis. For each time point 5-8 mice were used for each strain (WT, Tie2-PTX3, and Ptx3−/− animals).



Histopathological Analysis

The left lung was fixed overnight in 10% formalin (05-01004F BioOptica), dehydrated in a graded ethanol series, embedded in paraffin and cut into 4-µm sections. Pulmonary fibrosis was analyzed using digital microscopy. For the analysis of the fibrosis area, sections were stained with Masson’s trichrome, digitalized by AperioScanScope CS Slide Scanner (Leica Biosystem, New Castle Ltd, UK) at 40x magnification and submitted to ImageScope software (Leica).



Immunohistochemistry

Paraffin-embedded lung tissues were prepared as previously described (33). Four-µm sections were deparaffinized with xylene, incubated with 3% H2O2 in methanol for 30 min to inhibit endogenous peroxidase activity and then re-hydrated. Immunostaining was performed upon microwave or thermostat bath oven epitope retrieval in ethylene diamine tetra-acetic acid (EDTA) buffer (pH 8.00). The following primary antibodies were used: rabbit polyclonal anti-PTX3 (kind gift of B. Bottazzi, Humanitas Clinical Institute-Milan 1:100), mouse monoclonal anti-α-SMA antibody (clone 1A4, 1:300, Biocare, # CM001), rat monoclonal anti-CD45 (clone 30-F11, 1:100, BD Pharmingen, #553076), rabbit polyclonal anti-IBA1 (1:300, Wako, 019-19741), rat monoclonal anti-Ly6G (clone 1A8, 1:400, Cederlane, #AB-F118UD), mouse monoclonal anti-CD3 (clone SP7, 1:70, Leica, #565-LCE) and rabbit monoclonal PECAM-1 (clone M-20, 1:200, Santa Cruz, #SC-1506). Immunoreaction was revealed by using EnVision+ System-HRP Labelled Polymer anti-mouse or anti-rabbit (Dako) or using Rat-on-Mouse HRP-Polymer (Biocare Medical) followed by DAB as chromogen: sections were counterstained with hematoxylin. Immunostained slides were digitalized as described above and evaluated using Positive Pixel Count v9 9.0 Algorithm (Imagescope, Leica Biosystem). Staining was graded for positive pixel density (0 indicating < 25,000/mm2; 1, < 50,000/mm2; 2, <100,000/mm2; 3> 100,000/mm2 positive pixel). It must be pointed out that physiological α-SMA immuno-reactivity in perivascular and peri-bronchiolar areas was excluded in the evaluation of the samples.



Hydroxyproline Quantification in Lungs

The right upper lung lobes were homogenized in ddH2O (10 mg of tissue in 100 µl). Then an aliquot was hydrolyzed in HCl 6M at 105°C for 3 h and centrifuged at 13,000 rpm for 5 min. 5 µl of the supernatant were pipetted in triplicate onto a 96 well plate and incubated at 60°C for 1 h. Collagen content was assessed using a Hydroxyproline Colorimetric Assay Kit (MAK008 Sigma-Aldrich) according to the manufacturer’s instructions.



RNA Extraction and qPCR

Total RNA was isolated from right lower lung using TRIzol Reagent (Invitrogen) according to the manufacturer’s instructions. Two μg of total RNA were retro-transcribed with MMLV reverse transcriptase (Invitrogen) using random primers. cDNA was analyzed by quantitative real-time polymerase chain reaction (qPCR) analysis. Beta-Actin (ActB) was used as housekeeping gene for normalization. Primers used: Mm_Ptx3 forward: 5′-GACCTCGGATGACTACGAG-3′, reverse: 5′-CTCCGAGTGCTCCTGGCG-3′; Col1A1 for: 5′-TGCTCCTCTTAGGGGCCACT-3′, rev: 5′-ATTGGGGACCCTTAGGCCATT-3′; Col1A2 for: 5′-GGTGAGCCTGGTCAAACGG-3′, rev: 5′-ACTGTGTCCTTTCACGCCTTT-3′; Col3A1for: 5′-CTGTAACATGGAAACTGGGGAAA-3′, rev: 5′-CCATAGCTGAACTGAAAACCACC-3′; Acta2 for: 5′-TGCTGACAGAGGCACCACTGAA-3′, rev: 5′-CAGTTGTACGTCCAGAGGCATAG-3′; ActB for: 5′-CTGTCGAGTCGCGTCCACC-3′, rev: 5′-ATCGTCATCCATGGCGAACTG-3′.



Statistical Analyses

T-test for unpaired data (2-tailed) was used to test the probability of significant differences between two groups of samples. For the statistical analysis the WT group at day 0 was used as reference. The following abbreviations were used for the indication of significance: * p<0.05; ** p<0.01; *** p<0.001.




Results


PTX3 Is Modulated During BLM-Induced Lung Fibrosis

Intratracheal administration of BLM induces peri-bronchial lung fibrosis in mice, detectable 14 days after treatment and progressing up to day 21, to decrease at/after day 28 (15). On this basis, in order to evaluate the modulation of PTX3 expression in the lungs during fibrosis onset, C57BL/6 male mice were treated intratracheal with BLM and sacrificed after 14, 21, and 28 days. Then, harvested lungs were processed for immunohistochemical (IHC) and qPCR analyses. In keeping with its role as an “early” response to damaging and inflammatory stimuli (21), PTX3 immuno-reactivity was significantly increased in fibrotic lung sections 14 days after BLM treatment, to decrease to basal levels at day 28 (Figures 1A, B). These data were confirmed by qPCR analysis that demonstrated a significant upregulation of Ptx3 expression at day 14 and its gradual decrease thereafter (Figure 1C).




Figure 1 | PTX3 expression is induced in BLM-induced lung fibrosis. PTX3 expression in the lungs of C57BL/6 wild type mice treated with bleomycin (BLM) and sacrificed at day 0, 14, 21, and 28 after treatment was detected by immunohistochemistry (A) and quantified by scoring the immunostaining (B) or by qPCR (C). N = 5–8 mice/group; scale bar = 200 µm; *P < 0.05, **p < 0.01.





PTX3 Exerts a Protective Role in Lung Fibrosis

Previous observations had shown a potential role of PTX3 as a protective factor in different pathological settings in the lungs (21). On this basis, we evaluated the impact of PTX3 overexpression during the onset and progression of the fibrotic process in the lungs by taking advantage of a transgenic Tie2-PTX3 murine model. In this model the overexpression of the human PTX3 gene (Supplementary Figure S2) is driven by the endothelial-specific Tie2 promoter, leading to the stromal accumulation of high levels of the PTX3 protein in all tissues, including the lungs, without any significant impact on normal development of organs and tissues (32, 34). Wild type (WT) and transgenic Tie2-PTX3 mice were treated intratracheal with BLM and the progression of lung fibrosis was investigated. As shown in Figures 2A, B, quantification of fibrotic/collagen positive areas after trichrome staining of lung sections revealed an increase of fibrotic tissue in WT animals from day 14 to day 21, with a partial regression at day 28. When compared to WT mice, fibrotic areas were significantly reduced in Tie2-PTX3 mice at all the time points investigated, close to the levels measured in untreated animals. Accordingly, the levels of hydroxyproline, a marker for the presence of collagen in the ECM, were significantly higher in WT lungs when compared with those measured in Tie2-PTX3 animals (Figure 2C).




Figure 2 | Stromal PTX3 overexpression prevents lung fibrosis in BLM-treated mice. Fibrosis in lungs of wild type (WT) and transgenic Tie2-PTX3 mice treated with bleomycin (BLM) was determined by Masson’s trichrome staining (A), subsequent quantification of fibrotic area (B), and quantification of hydroxyproline in lungs extracts (C). N = 5–8 mice/group; scale bar = 200 µm; *P < 0.05, **p < 0.01, ***p < 0.001.



Further characterization of BLM-treated lungs showed a significant increase of areas with alpha-smooth muscle actin (αSMA+) positive fibroblasts in WT mice when compared with Tie2-PTX3 animals (Figures 3A, B). Related to this fibroblastic reaction, upregulation of the expression of Col1a1, Col1a2, and Col3a1 collagen subunits and of the αSMA-encoding Acta2 gene was detected by qPCR in the lungs of WT but not of Tie2-PTX3 mice (Figure 3C). In addition, foci of angiogenesis, represented by CD31+ endothelial cells, were detectable in the fibrotic areas of BLM-treated mice with no apparent difference between WT and Tie2-PTX3 groups (Supplementary Figure S3).




Figure 3 | Stromal PTX3 overexpression reduces fibroblast activation in BLM-induced lung fibrosis. (A) Immunohistochemical analysis of αSMA expression in the lungs of wild type (WT) and transgenic Tie2-PTX3 mice treated with bleomycin (BLM). For each image, the boxed area is shown at higher magnification in the right panel. Scale bar = 100 µm; scale bar of magnified images = 200 µm. (B) Score quantification of the αSMA immunostaining. αSMA immuno-reactivity in perivascular and peri-bronchiolar areas was excluded from the quantification. (C) qPCR analysis on lung extracts for the expression of collagen subunits and Acta2 mRNA. N = 5–8 mice/group; *P < 0.05, **p < 0.01, ***p < 0.001.



The inflammatory infiltrate plays a pivotal role during the response to tissue damage that drives fibrosis (7, 8). In order to quantify the overall immune infiltrate in BLM-treated lungs, CD45 immunostaining was performed on samples from the different groups. As shown in Figure 4A, a vast CD45+ cell infiltrate was detected in WT lungs, while a significant reduction of CD45+ cells was observed in Tie2-PTX3 lungs at all the time points investigated. These observations are in line with the limited fibrotic response occurring in Tie2-PTX3 animals. Accordingly, in keeping with the pivotal role played by macrophages in BLM-induced fibrosis (7), IBA1+ macrophages were widely present in fibrotic WT lungs throughout the whole experimental period and consistently reduced in Tie2-PTX3 lungs that showed a detectable macrophagic infiltrate only ad day 14 (Figure 4B). In addition, a further characterization of the immune infiltrate at the time points considered demonstrate that CD3+ lymphocytes increase in both WT and Tie2-PTX3 at day 14 after treatment, to decrease more rapidly in PTX3 overexpressing animals in respect to controls (Supplementary Figure S4A). Finally, very few Ly6G+ neutrophils were present in the lungs of treated mice, with no significant differences between the WT and Tie2-PTX3 animals (Supplementary Figure S4B).




Figure 4 | Stromal PTX3 overexpression prevents immune infiltration in BLM-induced lung fibrosis. CD45 (A) and IBA1 (B) levels in the lungs of wild type (WT) and transgenic Tie2-PTX3 mice treated with bleomycin (BLM) were assessed by immunohistochemistry and quantified by scoring the immunostaining. N = 5–8 mice/group; scale bar = 100 µm (A), 200 µm (B); *P < 0.05; **p < 0.01.



Together, these data indicate that PTX3 overexpression exerts a protective impact on BLM-induced fibrosis in transgenic Tie2-PTX3 mice. These findings, together with the observation that a significant upregulation of PTX3 expression occurs in WT animals during BLM-induced fibrosis (see above), prompted us to assess the role, if any, of endogenous PTX3 on this process. To this aim, we took advantage from genetically deficient Ptx3−/− mice that lack endogenous PTX3 expression in all organs, including lungs, and are characterized by a normal pre and post-natal development with no signs of inherited pathological conditions with the exception of subfertility in female animals (31). On the other hand, these mice may show different responses under defined experimental conditions characterized by the involvement of the innate immune arm [reviewed in (23, 35, 36)]. BLM was administered intratracheal to Ptx3 null mice and lung fibrosis was followed in parallel to that occurring in WT and Tie2-PTX3 animals. As shown in Figure 5A, BLM treatment caused a dramatic decrease of the lifespan of Ptx3−/− mice, with 4 out of 8 mice dying at day 14 and no survival occurring at day 21after treatment. At variance, no animal death was observed for BLM-treated WT and Tie2-PTX3 mice. Accordingly, trichrome staining of the lung sections and quantification of fibrotic areas confirmed a significant increase of fibrotic/scar tissue at day 14 in PTX3−/− mice when compared to WT and Tie2-PTX3 animals (Figures 5B, C).




Figure 5 | Ptx3 knockdown increases the deposition of fibrotic tissue and a rapid animal death in BLM-induced lung fibrosis. (A) Kaplan-Meier survival curve of wild type (WT) and transgenic Tie2-PTX3 and Ptx3−/− (KO) mice treated with bleomycin (BLM). Masson’s trichrome staining (B) and quantification of the fibrotic area (C) performed on lungs at day 0 and day 14 after treatment. N = 5–8 mice/group; scale bar = 100 µm; *P <0 .05, ***p < 0.001.






Discussion

Hyper-proliferating fibroblasts/myofibroblasts and augmented deposition of ECM are typical features of IPF and the main cause of lung architecture alterations underlying the loss of respiratory function (6). This is paralleled by an inflammatory response whose contribution to IPF has long been debated (37) and in some cases remains controversial (38, 39). For instance, treatment of IPF patients with steroids reduces inflammation in the lung but does not improve survival nor clinical outcome (40, 41), and a clinical trial based on immune-suppression was discontinued due to increased hospitalization and death (42).

PTX3 is a component of the humoral arm of the innate immunity. Even though its expression in human tissues is usually associated with inflammation, both pro-inflammatory and inflammation-limiting properties have been reported in preclinical models of disease, and a possible dual role has been unveiled in physiological and pathological settings (35, 43, 44). On one side, PTX3 generally exhibits protective antibody-like functions and promotes tissue repair via matrix remodeling and modulation of the inflammatory response. On the other hand, potential damaging effects have been ascribed to PTX3 due to its capacity to induce endothelial dysfunction (45), exacerbated complement activation and inflammation (44, 46, 47).

In inflammatory/injury settings, neutrophils are among the first leukocytes to be recruited. Once activated, they secrete their content of “ready to release” PTX3 that partially remains associated with neutrophil extracellular traps (NETs) (48, 49). On the other hand, PTX3 locally released by activated leukocytes may impair leukocyte rolling on endothelium, thus attenuating the recruitment of neutrophils, regulating inflammation, and reducing tissue damage in murine models of acute lung injury, pleurisy, and mesenteric inflammation (50).

Under physiological conditions, the expression levels of PTX3 are low in the lungs of healthy mice and can be modulated depending on the severity and duration of the damaging agent (31, 51–53). In this study we investigated the expression of PTX3 in a BLM-induced murine model of lung fibrosis with the aim to define its role in this pathological context.

In keeping with previous observations in preclinical models of lung fibrosis and in lung tissue from IPF patients (54), PTX3 expression rapidly increases in the lungs of BLM-treated animals both at mRNA and protein levels. This upregulation is transient, reaches a peak at 14 days after treatment to decrease to physiological levels thereafter. Thus, PTX3 upregulation represents an early event in response to the fibrotic insult, unable to restrain and control the onset of BLM-induced fibrosis in the lungs, that continues till day 28 after treatment.

Two distinct experimental approaches pointed to a protective role for PTX3 in this model of PF. In a first set of experiments, PTX3 overexpression in transgenic Tie2-PTX3 animals, which results in the accumulation of PTX3 in the lung stroma (32), was able to limit the formation of fibrotic tissue in the lungs, with reduced activation of fibroblasts and ECM deposition. Moreover, the infiltration of immune CD45+ cells was reduced in Tie2-PTX3 lungs that showed a dramatic decrease in infiltrating IBA1+ macrophages when compared to WT animals, with moderate or no major differences in infiltrating neutrophils and T lymphocytes at the experimental points investigated. These observations are in line with the critical regulatory activities exerted by macrophages during all the steps of fibrosis onset and repair (55, 56). The protective effect of PTX3 on lung fibrosis was confirmed in a second set of experiments performed on Ptx3−/− animals in which PTX3 deficiency caused an increased deposition of fibrotic tissue and a rapid animal death following BLM administration.

Even though the molecular mechanisms at the basis of this impact of PTX3 on PF remain to be elucidated, previous experimental evidences suggest that its accumulation in the pulmonary stroma may modulate different biological processes, including the recruitment of immune cells (50, 57, 58) and fibroblast activation (22, 36). This occurs via the interaction of PTX3 with growth factors, complement components, the haemostatic system and the fibrinolytic cascade. Indeed, PTX3 can bind to fibroblast growth factors (FGFs) and impair the FGF/FGF receptor system (22, 24) which plays a relevant role in fibrosis (59) as well as in immune cell recruitment (33, 60). In vitro, the interaction of PTX3 with FcγRI has been shown to favor the differentiation of human and murine monocytes into fibrocytes, fibroblast-like cells expressing both haematopoietic and stromal cell markers frequently found in fibrotic lesions (54, 61). In the same context, the serum amyloid P component (SAP) was shown to play a fibrocyte-inhibitory activity stronger than PTX3 (54), and injections of SAP inhibited fibrosis in various mouse models of the disease (62, 63). Interestingly, SAP expression was almost absent in fibrotic areas, while PTX3 was widespread, thus suggesting that relative levels of SAP and PTX3 may have a significant role in fibrocyte differentiation at fibrotic sites (54).

In the acute lung injury, a strong activation of the innate immune system in the lungs is accompanied by the expression of PTX3. This pathological context is characterized by infiltration of neutrophils and increased production of nitric oxide and of tissue factor. It has been suggested that high levels of PTX3 activate the local innate immune system and play a protective role against lung insults (21, 51). Accordingly, Ptx3−/− mice are more susceptible to tissue damage after exposure to LPS (28). In addition, PTX3 can interact with fibrin and plasminogen under acidic conditions in damaged/inflamed tissues, fostering the remodeling of the fibrin-rich matrix and tissue repair (64).

Overall, in this study we have reported the observational results of the effect of endogenous PTX3 modulation on lung fibrosis onset and phenotype. Intravenous or intraperitoneal treatment with recombinant PTX3 has resulted in beneficial outcomes in various experimental models of inflammatory diseases (25, 31, 48, 65–67). Thus, in a therapeutic perspective, it will be of importance to assess the effect of recombinant PTX3 to prevent fibrosis in BLM-treated mice. Our results and these future studies will pave the way for the characterization of the molecular players modulated by PTX3 in PF and for the design of PTX3-derived approaches to be used for the treatment of PF patients.
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Kawasaki disease (KD) is a febrile disease of childhood characterized by systemic vasculitis that can lead to coronary artery lesions (CAL). This was a prospective cohort study to determine the levels of the pentraxin 3 (PTX3), soluble CD24-Subtype (Presepsin) and N-terminal pro-brain natriuretic peptide (NT-pro BNP) in consecutive KD patients. From January 2013 to March 2015, all patients with KD admitted to Aichi Medical University Hospital who provided consent had their plasma saved before IVIG administration. In total, 97 cases were registered. 22 cases of incomplete KD were excluded from the outcome analysis. The total 75 cases were used for statistical analyses. A PTX3 threshold of >7.92 ng/ml provided a specificity of 88.5 %, a sensitivity of 94.4 %, and a likelihood ratio as high as 15.92 for the diagnosis of KD compared with febrile non-KD controls. Although an echocardiographic diagnosis of CAL in the early course of the disease was confirmed in 24 cases, it was not in the remaining 51 cases. Neither NT-proBNP nor Presepsin had statistical significance for the prediction of the echocardiographic CAL diagnosis. Only PTX3 was significantly predictive of the echocardiographic CAL diagnosis (p=0.01). The PTX3 level was significantly higher in the intravenous immunoglobulin (IVIG) non-responders (45.9±7.45) than in the IVIG responders (17.0 ± 1.46 ng/ml) (p< 0.001). The PTX3 level also correlated with the number of IVIG treatment courses needed to resolve fever (R² =0.64). Persistent CAL (pCAL) formation was observed in three cases; one of aneurysm only and two aneurysms with dilatations. The patients with pCAL had significantly higher PTX3 levels (85 ± 8.4 ng/ml) than patients without pCAL (22 ± 2.2 ng/ml) (p< 0.0001). In terms of pCAL prediction, the area under the curve (AUC) of receiver operating characteristic ROC curve of PTX3 was 0.99, and it was significantly greater than that of Presepsin (0.67) or NT-proBNP (0.75). PTX3 is a soluble pattern recognition molecule that acts as a main component of the innate immune system. These data suggest that PTX3 can be utilized as a definitive biomarker for the prediction of IVIG resistance and subsequent CAL formation in patients with KD.
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Introduction

Kawasaki disease (KD) is an acute inflammatory disorder of unknown origin associated with medium-sized vessel vasculitis (1). However, inflammation of medium-sized arteries throughout the body, particularly of the coronary arteries, can occur during the acute phase of KD (2), and coronary artery aneurysms develop in the subacute phase (3). Coronary artery lesions (CAL), including dilations and aneurysms, respectively manifesting in the acute and transient form or persistent chronic form (designated as persistent CAL; pCAL), constitute the most serious complication. PCALs are the most common cause of acquired heart disease in children in developed countries (4, 5). Coronary artery aneurysms develop in 15–25% of untreated children and may lead to myocardial infarction, sudden death, or ischemic heart disease (6). Without treatment, mortality may approach 1%, usually within six weeks of onset (7).

Timely initiation of treatment with intravenous immunoglobulin (IVIG) has reduced the incidence of coronary artery aneurysms from 25% to 4% (8, 9). Even with treatment in the acute phase of KD with IVIG and aspirin, up to 5% of patients will develop serious and potentially life-threatening cardiac complications (10). Several scoring systems have been developed to identify children at highest risk for coronary artery abnormalities (11–13) and has been confirmed as a powerful predictor of coronary artery aneurysms in various Japanese studies. In other countries, however, it is not followed due to the imperfect performance of scoring systems (14).

Although the most appropriate treatment for patients who fail to respond to IVIG remains unclear, several suggestive trials have been reported. Severe KD that is resistant to IVIG may benefit from intravenous pulse corticosteroid therapy (15), infliximab infusion, or plasma exchange (PE) (16, 17). If a reliable biomarker were to be identified that would make it possible to distinguish the patients with KD at high risk for CAL formation, prompt initiation of second line therapy would lessen the risk of subsequent pCAL formation.

We hypothesized that the plasma concentrations of pentraxin 3 (PTX3), N-terminal pro-brain natriuretic peptide (NT-proBNP) or the soluble CD14 subtype (Presepsin) in patients with KD might be increased and thus reflect the severity of KD. We have expected that at least one of these might serve as a useful biological marker of CAL formation and prove useful as an additional part of the scoring systems. PTX3 is one of the pathogen recognition receptors (18). NT-proBNP is conventionally utilized as a biomarker to predict CAL formation. Presepsin represents a newly emerging sepsis marker. We examined the correlation between the measured values of these candidate markers and the rate of IVIG resistance as well as the incidence of coronary artery lesions.



Materials and Methods


Study Population and Laboratory Evaluation

The study was carried out in accordance with the principles of the Declaration of Helsinki and approved by the Institutional Review Board of the Aichi Medical University Hospital. Written informed consent was obtained from the subjects or their parents. All children recruited in this study were admitted to Aichi Medical University (AMU) in the period between January 2013 and March 2015. The children were evaluated by experienced clinicians at AMU and fulfilled the diagnostic criteria for KD as endorsed by the Diagnostic Guidelines for Kawasaki Disease (5th revision) (19). All of the KD patients were treated with oral aspirin (30 mg/kg per day) and IVIG (2 g/kg per day). 115 cases were registered in total. 18 cases that presented with fever, but with symptoms that were not compatible with KD, were excluded. 22 cases of incomplete KD were also excluded from the outcome analysis. 41 boys and 34 girls fulfilling the standard diagnostic criteria for KD were analyzed in the study. The plasma samples for research were collected from a total of 75 patients in three phases: 75 patients at the time of KD diagnosis/disease onset and prior to IVIG treatment (acute phase), 60 patients at 1 to 2 weeks following IVIG treatment (sub-acute phase), and 54 patients at 3 weeks to 4 months following disease onset (convalescent phase). There were 61 patients whose samples were obtained in all three phases. Along with these parameters, additional clinical laboratory data [i.e., ESR, CRP, the white blood cell (WBC) count, absolute lymphocyte count (ALC), absolute neutrophil count (ANC), platelet (PLT) count, D-dimer and alanine aminotransferase (ALT)] were evaluated for each phase of the disease. Samples from 18 children with fever, but with symptoms incompatible with KD, were used as febrile non-KD controls. Control plasma was also obtained from 20 non-febrile healthy control subjects during the course of the pre-operative evaluation.



Echocardiogram Measurements and Failure to Respond to IVIG

A complete echocardiogram was conducted as part of the standard diagnostic evaluation of KD for all patients in each phase of the disease according to the “Guidelines for Diagnosis and Management of Cardiovascular Sequelae in Kawasaki Disease” (JCS 2013) (20).



Quantification of Biomarker Candidates

Venous blood samples were collected in sterile tubes containing EDTA-potassium and centrifuged at 2000 g for 10 minutes at 4°C. The plasma samples were extracted from the aliquots and were immediately frozen and stored at −80°C until analysis. The plasma PTX3 and N-terminal pro-brain natriuretic peptide (NT-proBNP) levels were determined by enzyme-linked immunosorbent assay (ELISA) (Perseus Proteomics Inc. Tokyo, Japan) (21) and Biomedica Medizin produkte GmbH & Co KG, Wien, Germany), respectively following the manufacturers’ instructions. Plates were analyzed in duplicate on a Spark™ 10M multimode microplate reader (Tecan Trading AG, Switzerland). The plasma Presepsin level was determined using a chemiluminescent enzyme immunoassay (CLEIA) (Pathfast™, Chemical Medience Corporation, Tokyo, Japan) (22).




Statistical Analysis

Statistical analysis was performed using the statistical software package Prism 8.0 for Windows (GraphPad, San Diego, CA, USA). Student's t-test was used for comparison between normally distributed continuous data. One-way or two-way ANOVA followed by Bonferroni’s comparison was used as a post hoc test to evaluate the statistical difference between more than two groups. The t-test analysis was used to evaluate the statistical difference between two groups. Non-parametric analysis using the Mann–Whitney U test was utilized for continuous data that did not follow a normal distribution. The relationship between quantitative variables was assessed using the Spearman correlation coefficient. Statistical significance was taken as p < 0.05. To compare the power of plasma biomarker candidates to predict IVIG unresponsiveness or CAL formation, receiver-operating curves (ROCs) were plotted and area under the curves (AUCs) were calculated. The optimal cut-off points were determined using ROC curves to maximize the sensitivity and specificity.



Results


Clinicoepidemiological Characteristics of the KD Patients

The plasma samples used for research were collected from 75 children enrolled during the study period. One boy had two episodes of KD and one girl had three episodes of KD. Seven cases of KD received no IVIG; 45 cases, one dose; 19 cases, two doses; 4 cases, three doses (Table 1). Among the 68 IVIG-treated KD patients, 46 cases were IVIG responders and 22 cases were IVIG non-responders. Infliximab was administered to two patients after two doses of IVIG. Plasma exchange was performed in two patients after three doses of IVIG. An elective second line use of steroids was not employed in this cohort. Of the 75 patients, 24 had transient coronary artery lesions detected by echocardiography. Ultimately, three patients had persistent CAL sequelae according to echocardiography and 72 did not.


Table 1 | Clinical characteristics of patients with Kawasaki disease.





Elevated Levels of PTX-3, NT-proBNP During Acute KD

The KD patients were evaluated for the respective circulating levels of PTX3, NT-proBNP and Presepsin throughout the clinical course of the disease. We set three sampling time points during the disease course: at the time of onset of KD or before IVIG (Pre-IVIG), after IVIG (Post-IVIG) and during convalescence period after resolution of the fever (Conv). The PTX3 and NT-proBNP levels were significantly higher in the before-IVIG group compared with febrile non-KD controls (Figures 1A, B). Both were significantly decreased in the KD patients after IVIG treatment. The levels of Presepsin in the patients with KD were not significantly higher than in the febrile non-KD controls (Figure 1C). Plasma Presepsin was not upregulated during the acute phase.

The PTX3 levels of healthy controls and febrile non KD patients on admission were 3.8 ± 0.35 ng/ml (n=20) and 11.8 ± 2.2 ng/ml (n=18), respectively. The PTX3 levels in the KD patients (33.4 ± 7.3 ng/ml) were significantly higher than those in the non-KD febrile controls (11.8 ± 2.2 ng/ml; p < 0.001). The PTX3 threshold of >7.92 ng/ml provided a specificity of 88.5 %, a sensitivity of 94.4 %, and a likelihood ratio as high as 15.92 for the diagnosis of KD compared with the febrile non-KD controls. The high levels of PTX3 noted before IVIG treatment decreased after treatment (Pre-IVIG, 33.4 ± 7.3 ng/ml; Post-IVIG, 9.64 ± 3.61 ng/ml; Figure 1A).




Figure 1 | Plasma levels of PTX3, NT-proBNP and Presepsin during the disease course of KD. Unpaired Student t-test. Comparison of the level of PTX3 (A), NT-proBNP (B), and Presepsin (C) in healthy non-febrile controls, non-KD febrile controls, and KD. Between-group differences were determined using ANOVA and logical regression analysis. A: Circulating levels of PTX3 throughout KD. B: Circulating levels of NT-proBNP throughout KD. C: Circulating levels of Presepsin throughout KD. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. HC, healthy controls; Non-KD, non KD febrile disease; at the time of onset of KD or before IVIG (Pre-IVIG), after IVIG (Post-IVIG); Conv, convalescent.





Plasma PTX3, NT-proBNP and Presepsin Levels and Coronary Artery Lesions in Acute Phase KD 

In the acute phase of KD, the high echo density of the perivascular area of the coronary artery or coronary artery dilatation (echocardiographic CAL diagnosis; echoCAL) was detected in 23 cases by echocardiography (Table 2). There were no significant differences in the age or the ratio of males to females between the echoCAL (–) and echoCAL (+) groups. No significant difference was found for the day of illness at the time of IVIG administration (5.4 [3-8] and 5.3 [3-12] day) and the sampling day of the illness (4.5[1-7] and 4.7 [2-12] day). There were no significant differences in any other of the examined variables, such as WBC count, serum sodium, CRP, D-dimer, ALT and Albumin levels between the 2 groups. The result of using an independent t-test indicated that the p-values of NT-proBNP and Presepsin were both 0.05 or higher, and there was thus no statistical significance. The p-value of PTX3 was considered significant at 0.01


Table 2 | Demographic, laboratory characteristics of patients at the time of diagnosis in the groups without CAL and with CAL.





The PTX3, NT-proBNP and Presepsin Levels Used to Predict IVIG Resistance/Non-Responders

IVIG resistance was defined as a persistent or recurrent fever for more than 48 h after completion of the initial IVIG treatment. Failure to respond is typically defined as persistent or recrudescent fever ≥24 hours after completion of the initial IVIG infusion. Plasma levels were determined in the IVIG responders (n = 46) and IVIG non-responders with KD (n = 22) in evaluating the IVIG response. Twenty-two of the 68 IVIG-treated patients were non-responders (IVIG res (-)) (Table 3). There was no significant difference in sex, the day of illness at the time of IVIG administration, nor the sampling day of illness between the IVIG res (+) and IVIG res (-). The number of patients who developed CAL was not significantly higher in the IVIG res (+) group (41% in IVIG res (+) vs 50% in IVIG res (-) group, p=0.49). In addition, no significant differences were observed for any of the other variables examined, including the WBC count, serum sodium level, CRP level, ALT and serum albumin level between the 2 groups. Analyses with an unpaired t test showed that the P value of NT-proBNP, Presepsin and PTX3 for IVIG resistance vs. responsiveness was 0.19, 0.04 and 0.001, respectively. PTX3 and Presepsin were significant. PTX3 exhibited a higher degree of significance than either NT-proBNP or Presepsin. The PTX3 values in the IVIG non-responders (n = 22) were significantly higher when compared to the IVIG responders (n= 46) (37.29±31.3 vs. 18.2±12.5; p=0.001). The threshold of >33.2 ng/ml PTX3 provided a sensitivity of 64.3% (95% CI: 53.35 to 81.83%), a specificity of 83.3% (95% CI: 54.35 to 95.95%), and a likelihood ratio as high as 12.2 for the diagnosis of “IVIG non-responder”.


Table 3 | Demographic, laboratory characteristics of patients at the time of diagnosis in the IVIG responsive group, and the IVIG resistant group.





Correlation of the PTX3, NT-proBNP and Presepsin Levels With IVIG Resistance

Figure 2 shows the plasma PTX3 value before IVIG treatment in patients who required 0, 1, 2, or 3 doses of IVIG to resolve the KD. The correlation of the IVIG dose number was obtained using the IVIG correlation coefficient which is a test of such a correlation. No significant correlation was found between the NT-proBNP or Presepsin level and the number of doses of IVIG needed to resolve inflammation in KD. The PTX3 levels in KD patients who required zero, one, two, or three doses of IVIG to resolve the KD were 12.5 ± 3.5, 21.0 ± 7.8, 35.6 ± 27.5, and 72.2 ± 32.8 ng/ml, respectively (significantly different according to one-way ANOVA, p < 0.05). The PTX3 level was also significantly correlated with the number of IVIG treatments needed to resolve fever. (p< 0.001). There was a strong correlation between the PTX3 value and the number of doses administered IVIG; y = 22.18 x - 4.27, R² =0.64.




Figure 2 | Correlation curve showing the dose of IVIG needed to resolve KD versus PTX3, NT-proBNP and Presepsin levels. The plasma PTX3 (A), NT-proBNP (B) and Presepsin (C) levels are plotted against the dose of IVIG needed to resolve the KD. Zero indicates cases treated with aspirin only (non-IVIG). The PTX3 levels exhibited a significant correlation with IVIG doses required to resolve KD (y = 22.177 x - 4.2684, R² = 0.6402). ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.





PTX3 and Coronary Abnormalities 

The patients with pCAL had higher PTX3 levels than those without pCAL (85 ± 8.4 vs. 22 ± 2.2 ng/ml, p < 0.0001). The NT-proBNP and Presepsin levels in KD patients with pCAL were not significantly higher than those without pCAL. All three cases with pCAL formation were IVIG non-responders (Figure 3A). The plasma PTX3 values on admission of these patients were 72.4, 91.8, and 101 ng/ml, the highest values in this study. Figure 3B shows the AUC and predictive power for pCAL of the candidate biomarker levels at the time of admission. The respective AUC value of PTX3, NT-proBNP and Presepsin was 0.99±0.014 (95% CI: 0.96 to 1.00, p=0.005), 0.86±0.054 (95% CI: 0.75 to 0.96, p=0.039), and 0.67± 0.15 (95% CI: 0.37 to 0.96, p=0.33). The cut-off value of 60.8 ng/ml that was used to predict subsequent pCAL had a sensitivity of 1.00 (95% CI: 29.24 to 100.0%), a specificity of 0.98 (95% CI: 88.09 to 99.58%), and a likelihood ratio of 29.0.




Figure 3 | AUC and predictive power of the biomarker candidate levels at the time of admission. (A) Unpaired Student t-test. Comparison of the PTX3 level in patients with or without pCAL. ****p < 0.001. (B) ROC curves comparing the sensitivity and specificity of certain variables and CAL formation; the AUC values of PTX3, NT-proBNP and Presepsin were respectively 0.9885±0.014 (95% confidence interval [CI]: 0.961 to 1.00, p = 0.005), 0.8563±0.054 (95% CI: 0.7513 to 0.9614, p = 0.039), and 0.6667± 0.148 (95% CI: 0.3765 to 0.9568, p = 0.33). The cut-off value of 69 ng/ml to predict subsequent CAL had a specificity of 1.00, sensitivity of 0.98, and a likelihood ratio of 49.0 PTX3, filled circles •; NT-proBNP, open circles ○; Presepsin, open triangles △.






Discussion

Prediction of CAL risk has become an important issue in KD because of recent advances in the therapeutic strategies available, such as prednisolone therapy (15) or treatment with a tumor necrosis factor-alpha antagonist (23), advances that enable stratification of the initial treatment for the patients with a high level of predicted risk. Thus, we carried out this collateral analysis to ascertain the diagnostic accuracy of PTX3, NT-proBNP and Presepsin in detecting CAL before the initial IVIG treatment.

NT-proBNP has been suggested to be a potential diagnostic biomarker for KD (24). NT-proBNP as a risk predicter of CAL after first being reported by Kaneko et al. (25), was suggested to be associated with the development of CAL. It was shown by a meta-analysis performed to ascertain the diagnostic value of NT-proBNP in detecting CAL in KD that the overall diagnostic sensitivity and specificity were 0.84 (95% CI: 0.78-0.89) and 0.71 (95% CI: 0.68-0.75), respectively. The area under the summary receiver operating characteristic curves (SROC) value was 0.8582 ± 0.0531 (24). The AUC value in our study was 0.6316 ± 0.08 (95% CI: 0.47 to 0.79), which is comparable to that of SROC in terms of meta-analysis. Both AUC values are still inferior to that of our PTX3 data of 0.9885±0.014 (95% CI: 0.96 to 1.00, p=0.005).

Presepsin is also known as a soluble cluster of differentiation (CD)14 subtype, which is a humoral risk stratification marker for systemic inflammatory response syndrome and sepsis. The results of many clinical studies have indicated that Presepsin is a useful biomarker not only for early diagnosis, but also for risk stratification and prognosis prediction for sepsis in adults (26) as well as children (27). The present study shows that Presepsin was, as the case in sepsis (28), inferior to PTX3 in predicting IVIG resistance and/or CAL formation.

The pathophysiology of the acute phase of Kawasaki disease is characterized by excessive activation of the innate immune system and is accompanied by an increase in inflammatory cytokines and chemokines (29). Furthermore, it is thought that these factors trigger the induction of the fever, acute phase protein production in the blood, neutrophil increase, and vasculitis. PTX3 is a prototypic soluble pattern recognition receptor in the innate immune system that is expressed at sites of inflammation and is involved in regulation of the tissue homeostasis (18). PTX3 has also been studied as a diagnostic biomarker for sepsis. PTX3 levels are low under normal conditions (<2 ng/ml in adults, 1.24 ng/ml [0.87–2.08] in children) (30), but the plasma PTX3 concentrations increase in certain conditions such as sepsis, small-vessel vasculitis (31), and acute myocardial infarction (32). In sepsis, PTX3 may serve as an early marker of the severity and outcome of the disease. PTX3 is correlated with the severity of sepsis in febrile patients presenting with the disease in hospital emergency rooms (33). PTX3 levels also elevated in patients with systemic inflammation (median = 71.3 ng/ml) (34). A role for PTX3 as a sensitive marker of vascular inflammation has also been proposed (18, 35). The innate immune system, which is considered to be involved in the pathogenesis of KD, includes a humoral arm such as PTX3 that is complementary to cellular recognition and effector function (18).

In this study, we observed the following in patients with KD. a) The plasma PTX3 and NT-proBNP values were significantly increased compared with these values in non KD febrile patients determined before IVIG. Using 25.7 ng/ml as the optimal cut-off, we identified PTX3 as an excellent biomarker for the purpose of differentiating KD cases from non-KD cases, including subjects highly suspected of KD. b) Patients with acute early coronary lesions presented with a greater increase in the PTX3 plasma values than patients without any acute early coronary artery lesions. c) Patients who had PTX3 plasma values exceeding 33.2 ng/ml exhibited increased risk of IVIG resistance. d) A significant correlation was found between the levels of PTX3 and the corresponding number of doses of IVIG treatment needed to resolve the inflammation caused by KD (p < 0.01). e) The cut-off value of 60.8 ng/ml to predict subsequent CAL had a specificity of 1.00, sensitivity of 0.98, and a likelihood ratio of 29.0.

Katsube et al. reported the PTX3 level in 56 patients with KD. They determined that the PTX3 levels in unresponsive cases (n=7) were significantly higher than in responsive cases (n=49) (55.3 vs. 18.9; p<0.01). There were two cases of CAL among the unresponsive cases, and the PTX3 values in these cases were 63.7 and 89.3 ng/ml (36). These PTX3 values are similar to those of the three CAL cases in our study. The sensitivity and specificity of PTX3 in predicting IVIG unresponsiveness were 85.7 and 95.9 % when the PTX3 cut-off value was set at 40 ng/ml (36). In our study, the cut-off value of 60.8 ng/ml used to predict subsequent CAL had a specificity of 1.00, sensitivity of 0.98, and a likelihood ratio of 29.0. A very similar predictive power was observed in an independent report (37). We also observe that the plasma PTX3 level was elevated in KD before IVIG to 33.4 ± 7.3, more than 10 times higher than the normal value in controls (2.7 ± 1.0) (30), and returned to an improved but still abnormal level of 9.64 ± 3.61 during convalescence. Katsube et al also reported the sustained PTX3 elevation that implies continuing silent vasculitis even in one month after the onset of KD.

Recently, Ching et al. reported that significantly higher serum PTX3 levels in patients with CAL compared to patients without CAL, as well as IVIG resistance during the acute phase of KD. They concluded PTX3 as a sensitive marker for coronary artery dilation in KD rather than IVIG resistance (38). Our observation is consistent with them regarding to coronary artery dilatation and IVIG resistance. In this study, we found that the elevated PTX3 level correlated with the number of doses administered IVIG. In our cohort, there were three cases of pCAL formation with highly elevated plasma PTX3 level. These results suggested that the PTX3 is a good marker for pCAL formation and the severity of KD. Our results further strengthen their recommendation to utilize PTX3 in assessing KD patients.

The limitations of this study include limited sample size, particularly within the pCAL group. However, the results clearly demonstrate a significant elevation of the PTX3 level in KD patients that is correlated with required IVIG doses for responsiveness. These data further suggest a specific role for PTX3 in KD disease severity as well as the treatment response. Future studies should focus on investigating the underlying mechanisms by which PTX3 and other innate immunity proteins are involved in KD pathogenesis and CAL development.



Conclusions

It is demonstrated that PTX3 is highly useful in the diagnosis of KD. The PTX3 level before IVIG was a strong and sensitive predictor of IVIG non-responsiveness and subsequent CAL formation, and may help identify high-risk patients requiring additional second-line therapy other than repeated IVIG treatment alone. According to these results, the prognostic value of PTX3 as a single biomarker is the best available when compared with the currently used risk scoring systems (e.g. the Kobayashi Score) (11), or other proposed predictors such as NT-proBNP or Presepsin. A particularly high level of PTX3 is also an independent predictor of CAL formation after fever resolution.
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PTX3 is a soluble pattern recognition molecule (PRM) belonging to the humoral innate immune system, rapidly produced at inflammatory sites by phagocytes and stromal cells in response to infection or tissue injury. PTX3 interacts with microbial moieties and selected pathogens, with molecules of the complement and hemostatic systems, and with extracellular matrix (ECM) components. In wound sites, PTX3 interacts with fibrin and plasminogen and favors a timely removal of fibrin-rich ECM for an efficient tissue repair. Idiopathic Pulmonary Fibrosis (IPF) is a chronic and progressive interstitial lung disease of unknown origin, associated with excessive ECM deposition affecting tissue architecture, with irreversible loss of lung function and impact on the patient’s life quality. Maccarinelli et al. recently demonstrated a protective role of PTX3 using the bleomycin (BLM)-induced experimental model of lung fibrosis, in line with the reported role of PTX3 in tissue repair. However, the mechanisms and therapeutic potential of PTX3 in IPF remained to be investigated. Herein, we provide new insights on the possible role of PTX3 in the development of IPF and BLM-induced lung fibrosis. In mice, PTX3-deficiency was associated with worsening of the disease and with impaired fibrin removal and subsequently increased collagen deposition. In IPF patients, microarray data indicated a down-regulation of PTX3 expression, thus suggesting a potential rational underlying the development of disease. Therefore, we provide new insights for considering PTX3 as a possible target molecule underlying therapeutic intervention in IPF.
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Introduction


Role of PTX3 in Humoral Innate Immunity

The pentraxin family is an ancient group of evolutionarily conserved proteins belonging to humoral innate immunity that act as pattern recognition molecules (PRM). PTX3, the prototype of the long pentraxins arm, differs from the short pentraxins C reactive protein (CRP) and serum amyloid P component (SAP/PTX2) in molecular structure, gene organization, cellular source, and recognized ligands. PTX3 is rapidly produced by mononuclear phagocytes or stromal cells, including mesenchymal, smooth muscle, and endothelial cells (ECs) (1–5), in response to primary proinflammatory cytokines (IL‐1β and TNF-α), TLR agonists, microbial components (LPS or Outer membrane protein-A) and microbes. The molecule acts as an opsonin during infections, facilitating phagocytosis and activating the complement cascade (6). Genetic evidence in mice (7) and humans (8–15) suggests that PTX3 plays an essential role in resistance against selected pathogens, in particular A. fumigatus. In addition, PTX3 is induced in response to tissue injury and, through the interaction with the complement system and ECM components, plays non-redundant roles in tissue repair and cancer (1, 16). The relevance of PTX3 in the assembly of the cumulus oophorous was the first evidence of its role in ECM. Female subfertility associated with PTX3-deficiency (2, 6) also emphasizes the importance of this protein in ECM assembly and remodeling.

Inflammation activates various tissue response cascades that lead to ECM re-organization, removal of ECM debris, and clearance of apoptotic cells, thus favoring tissue healing. In this context, PTX3 is involved in the turnover of fibrin-rich deposits at wound sites after tissue injury, and consequent collagen deposition (16). Furthermore, when the stimuli persist or the resolution program is broken or stumbled, the inflammatory response may become chronic, impacting tissue remodeling and PTX3 expression. Macrophages are susceptible to the inflammatory environment and are key cells to modulate this system through PRMs. During the early inflammatory phase, M1‐polarized macrophages accumulate and orchestrate the inflammatory response. The subsequent switch to an M2-phenotype is crucial for resolving inflammation and tissue repair (17–19). M2-macrophages contribute to tissue homeostasis, dampening inflammation, scavenging ECM debris, and participating in tissue remodeling and repair (19, 20). On the other hand, apoptotic cells generated during chronic inflammation trigger the resolution, with significant changes in macrophage functions. Opsonization of apoptotic cells by PTX3 promotes their recognition by macrophages and subsequent efferocytosis (21), contributing to diverse M2-phenotypes switching (6) and regulating IL-10 and TGF-β1 production (22). Thus, PTX3 may play a homeostatic role in orchestrating tissue adaptation by coordinating leukocyte migration, resolution, and tissue healing.

PTX3 has been considered an essential regulator of airway mucosal surface homeostasis (23) and is useful as a disease or prognostic marker. In addition, the protein exerts a role in lung immunity against immunological dangers such as respiratory infections, allergy, tissue damage, and malfunction (24). As a humoral mediator of innate immunity, PTX3 opsonizes pulmonary pathogens promoting the clearance by phagocytosis and triggers the mucosal immune response to fungal or bacterial infections and respiratory viruses. Furthermore, PTX3 also has relevant roles in non-infectious pulmonary diseases. Altogether, PTX3 exerts multiple roles in respiratory diseases. However, its involvement in the development of IPF remains poorly explored.




PTX3 and Lung Fibrosis: Lessons From Experimental Models of Pulmonary Fibrosis

Bleomycin (BLM) is vastly used to investigate the mechanisms involved in lung fibrosis in mice, and also in the selection of therapeutic drugs for IPF, including Pirfenidone and Nintedanib (25, 26). Several studies have addressed the relevance of PTX3 in different models of pulmonary fibrosis (27–29). Despite the observation that BLM induces PTX3 expression in murine models of lung fibrosis (27, 29), a paucity of information exists on the functional role of the protein in this model. It has been shown that PTX3 promotes murine fibrocyte differentiation dependent on FcγRI in vitro (28). In vivo, PTX3 is localized in fibrotic areas, and its distribution is associated with collagen deposition in lung parenchyma (28) and with macrophage infiltration at sites of fibrogenesis (29), revealing an interplay with macrophages during BLM-induced tissue fibrogenesis. Taking advantage of transgenic mice overexpressing PTX3 (Tie2-PTX3), it was recently shown that the protein could limit lung fibrosis, reducing collagen deposition and fibroblast activation and decreasing leukocyte recruitment (29). Using the BLM-induced fibrosis model (3.75 mg/Kg, i.n.), we confirmed macrophage (Ly6C+CD115+CD11b+) accumulation concomitantly with a progressive increase of PTX3 lung levels (Figure 1A), as previously described (30). Soon after BLM (2-4 days), RT-PCR showed an increased expression of M1-macrophage genes, followed later on (8-16 days) by an increased expression of M2-macrophage genes (Figure 1B). Therefore, increased PTX3 lung content is temporarily associated with a macrophage M2-polarization preceding the pulmonary fibrosis.




Figure 1 | PTX3 protects mice from BLM-induced pulmonary fibrosis. A model of lung fibrosis was induced by BLM instillation (3.75 mg/Kg, i.n.) in Wild Type (WT) and ptx3-/- mice (A-E). (A, left), kinetic of macrophage influx in the lungs of WT mice after BLM by FACS analysis. (A, right), kinetic of PTX3 lung content assessed by ELISA (PTX3 DuoSet® Kit ELISA DY2166, R&D Systems) in tissue homogenates. (B), Transcription analysis of M1 genes (Cd86-Mm00444543_m1, Il6-Mm99999064_m1, Il12a-Mm99999066_m1, Tlr4-Mm00445274_m1, Socs1-Mm00782550_s1) and M2 genes (Arg1-Mm00475988_m1, Chi3l3-Mm00657889_mH, Mrc1-Mm01329362_m1, Il1rn-Mm00446185_m1, Timp1-Mm00441818_m1, Mmp12-Mm00500554_m1) markers of macrophage polarization by TaqMan probes (Applied Biosystems) at different days after BLM treatment. (C, D), Susceptibility of Ptx3-/- mice to lung fibrosis induced by BLM instillation. (C, left) survival curve of mice (100% of WT and 54.5% of Ptx3-/- mice), as defined by humane end-points (e.g., weight loss of more than 25% of initial body weight, anorexia, excessive decrease in activity, shaggy hair, diarrhea, urinary retention, breathing difficulties). **P=0.01; Log-rank test. (C, middle) monitoring of weight loss. *P < 0.05; unpaired t-test). (C, right) representative photographs showing the appearance of lung parenchyma and quantification of autofluorescence intensity (excitation 405nm; emission collection at 550-60nm; CLARIOstar Microplate Reader, BMG Labtech) typically associated to hemoglobin in lung lysates of wt (n=9) and Ptx3-/- (n=7) mice (day 14). *P=0.05, unpaired t-test. (D) lung collagen content after 21 days assessed by Sircol assay. (E), measurement of TGF-β1, IL-4, IL-10, IL-6, and CCL2 in lung lysates of wt (n=7) and Ptx3-/- (n=5) mice (day 14 after BLM treatment) by ELISA (R&D Systems). *P=0.05, unpaired t-test. (F), confocal microscopy analysis on lung specimens (10µm) from WT mice (n=7) 14 days after BLM treatment. (F, upper panels) localization of PTX3 (green), Collagen I (blue), PDGFRα+ (red) mesenchymal cells and CD11b+ (white) immune cells. Representative localization of PTX3 around blood vessels (F, upper, left) or associated with fibrotic ECM and damaged epithelium (F, upper, middle). (F, lower panels) colocalization of PTX3 (green) with fibrin (white) and plasminogen (red) in fibrotic lung associated with blood vessels (F, lower, left) or ECM and damaged epithelium (F, lower, middle). Blue, nuclei. Lungs obtained from Ptx3-/- mice were used as control (Upper and lower panels, right). Bar, 100µm. The following antibodies were used: collagen I, rabbit polyclonal (5µg/ml; AbCam); PTX3, goat polyclonal (0.5µg/ml; R&D Systems); PDGFRα, BV421 rat (APA5, 1.5µg/ml; BD Horizon); CD11b, APC-Cy7™ rat (M1/70, 2µg/ml; BD Pharmingen); plasminogen, rat monoclonal (1µg/ml; Cell Sciences); fibrinogen, rabbit polyclonal (4µg/ml; Dako); species-specific Alexa Fluor 488/568/647- conjugated secondary antibodies were used. (F, right) Rate of colocalization (% of material; Fiji software) of PTX3 signal with fibrin, plasminogen, collagen I (COL1A), PDGFRα, and CD11b and relative Pearson’s correlation coefficient. Mean ± SEM of 5-8 images acquired for each mouse (n=7). *P < 0.0001, unpaired t-test. (G, upper), Western blot analysis of fibrin in lung lysates (10µg total proteins per lane on 10% SDS-PAGE) of WT (n=5) and Ptx3-/- (n=5) mice at day 7. A polyclonal rabbit anti-fibrinogen was used (3µg/ml; Agilent/DAKO). 1µl of basal mouse plasma in ACD-A (Anticoagulant Citrate Dextrose Solution) was used as a control for fibrinogen; 1µl of mouse plasma-ACD incubated with thrombin (1U/ml; 1h) was used as a control for fibrin. A typical band pattern of fibrin (Aα; Bβ, γ-γ dimer) is indicated in the fibrin control and lung lysates. Red arrows, lower molecular weight bands corresponding to degraded fibrin. (G, upper, right), quantification of fibrin bands as relative gray values (Fiji software) on Ponceau red staining. ***P < 0.005, *P < 0.5; unpaired t-test. (G, middle), Western blot analysis of plasminogen and relative band quantification as gray values (Fiji software) in same lysates (50µg total proteins per lane on 10% SDS-PAGE, G, middle, right). A polyclonal goat anti-plasminogen was used (0.5µg/ml; R&D Systems). The molecular weight of plasminogen and plasmin activation bands are indicated. (G, lower), Western blot analysis of the complement component C3 in the same lysates (10µg total proteins per lane on 10% SDS-PAGE) and relative band quantification as gray values (Fiji software, G, lower, right). A polyclonal goat anti-human/mouse C3 and activation fragments (1:3000; Merck-Millipore) was used. (H) Effect of PTX3 administration in BLM-induced lung fibrosis. One experiment was performed. Human recombinant PTX3 (50µg/mouse) was injected i.p. one day after BLM (5 mg/Kg, i.n.) treatment in WT mice. Survival (H, left) (Ptx3-/- mice from 42.8% to 77.8%, and WT mice from 57.1 to 80% of survival) and body weight (H, 3 panels right) were recorded until day 14. Curves referring to weight loss are shown compared to untreated WT and Ptx3-/- mice (H, first left) or separated by genotype and compared with the correspondent treated group (H, right). *P < 0.05; unpaired t-test. All results were expressed as mean ± SEM. Normalized data were analyzed by One-Way ANOVA with Tukey post-test, using the software GraphPad Prism 8.0. Differences were considered significant at P < 0.05.



In the same model, Ptx3-/- mice showed reduced survival (Figure 1C) and accentuated weight loss (Figure 1C). Corroborating the results by Maccarinelli et al. (29), lungs from Ptx3-/- mice showed hemorrhagic areas (day-14)(Figure 1C) and increased fibrosis, as assessed by total collagen content (day-22)(Figure 1D). In Ptx3-/- mice lung homogenates (Figure 1E), fibrosis was not associated with differences in IL-4, IL-10, IL-6, and CCL2, thus indicating the independence of PTX3 in the regulation of inflammation (1, 2, 31), while we found increased TGF-β1 in Ptx3-/- mice (Figure 1E)(day-14). As described in several models of vascular pathology or tissue repair (16, 32), PTX3 controls the thrombotic response by influencing platelet activation and degranulation. Therefore, it is tempting to speculate that a specific increase in lung TGF-β1 may be due to a local release derived by platelet degranulation. PTX3 was found localized in the damaged alveolar epithelium and interstitial ECM associated with PDGFRα+ mesenchymal cells, and Ptx3-/- mice showed increased interstitial fibrin deposition and subsequent fibrotic scarring in ALI (acute lung injury) model (5). Similarly, in the BLM-induced fibrotic lungs (day-14), PTX3 is localized in damaged epithelium and areas of ECM rich in collagen-I, preferentially associated with PDGFRα+ mesenchymal cells rather than recruited CD11b+ cells (day-7)(Figure 1F). Moreover, PTX3 is localized around the blood vessels (Figure 1F). Thus, in line with evidence obtained in different experimental models of lung injury and repair (16, 33, 34), PTX3 plays a non-redundant and protective role during BLM-induced pulmonary fibrosis in mice.

PTX3 promotes arterial thrombosis (32) at wound sites during injury-induced thrombotic response and promotes healing by interacting with plasminogen, favoring timely fibrin removal in acidic microenvironments (5, 16, 33, 35). As presented in Figure 1F, in the BLM-induced fibrotic lungs PTX3 colocalized with fibrin deposits in ECM and damaged epithelium closely associated with plasminogen. A similar colocalization was observed in the endothelium of blood vessels possibly associated with coagulation sites (day-7)(Figure 1F). Coagulation proteases are recognized to exert pro-fibrotic cellular effects via activation of protease-activated receptors (PARs) (36). Fibrinolysis is also an essential prerequisite for subsequent tissue remodeling processes leading to efficient repair (37–40). Therefore, analysis of fibrin and plasminogen content in lung lysates would address whether a defective turnover in fibrin removal was present in Ptx3-/- mice. As assessed by Western blot, lungs of Ptx3-/- mice showed increased fibrin deposition and decreased fragments of fibrin degradation at the inflammatory phase (day-7)(Figure 1G). Differences in plasminogen deposition and plasmin formation (day-7)(Figure 1G) observed in the same lung homogenates suggest an impairment in ECM turnover of fibrin, possibly at the bases of a subsequent increased lung fibrosis. No evidence of PTX3 regulation on complement activation was observed in this model, as no differences were found in C3 deposition in the lung (Figure 1G). Several reports showed that coagulation cascade elements are involved in lung fibrosis (41). The deficiency of components of the fibrinolytic system caused exacerbated lung injury associated with defective clearance of necrotic tissue and augmented fibrin deposition and fibrosis (42). Lung fibrosis was reverted by overexpression of plasminogen activator genes (38, 39). Therefore, the disruption of fibrin removal and altered ECM turnover with collagen deposition appeared as the central mechanism underlying the phenotypes associated with Ptx3-/- mice in response to BLM, corroborating the observations from other models of organ damage (5, 33, 35). TGF-β1-mediated elevated PAI-1 levels and defective fibrinolysis have significant fibrotic consequences for tissue repair (43, 44). Interestingly, TGF-β1 was found to down-regulate PTX3 at mRNA and protein levels in granuloma (45) and mesenchymal cells (our results, data not shown). TGF-β1 increased ECM deposition promoting transcription of collagen and protease inhibitors, including tissue inhibitors of metalloproteases (TIMPs) and PAI-1 (46). Concomitantly, TGF-β1 decreases the secretion of proteases responsible for ECM degradation, including activators of plasminogen (43, 44), thus increasing the overall production of ECM proteins (47). Therefore, PTX3 down-regulation by TGF-β1 could inhibit the removal of the fibrin matrix and increases ECM deposition during experimental fibrosis.

The evidence obtained from the BLM-induced lung fibrosis model prompted us to evaluate the possible therapeutic effects of PTX3 treatment in the disease. In a first preliminary experiment, shown in Figure 1H, a single i.p. injection of recombinant PTX3 (50µg/mouse) one day after BLM (5 mg/Kg, i.n.) was sufficient to increase survival of Ptx3-/- mice, with a weak effect even in WT mice survival (Figure 1H). PTX3 treatment also attenuated the weight loss in Ptx3-/- mice but not in WT mice challenged with BLM (Figure 1G), suggesting a potential therapeutic effect of PTX3 in pulmonary fibrosis. However, the actual evaluation of potential PTX3 treatment requires more detailed pharmacological studies on the doses and administration routes.



Mechanisms of PTX3 in Idiopathic Pulmonary Fibrosis: Interpreting Data From IPF

IPF is a chronic and lethal Interstitial Lung Disease characterized by fibroproliferation of unknown origin and insensitive to therapy, associated with excessive ECM deposition in the pulmonary parenchyma (48–50). Clinical signs include progressive loss of lung volume, increased respiratory effort, and abnormal gas exchange, leading to respiratory collapse (48–50). Currently, some hypotheses have been proposed about its controversial origin. Among them, clinical data have revealed a close correlation between pulmonary fibrosis and the profile of inflammatory mediators released by immune cells (19, 51, 52). Data supports that pulmonary fibrosis is the final result of previous alveolitis with excessive scarring (19, 52, 53). Current knowledge about IPF has been derived from detailed pathological analysis of human lung samples that elucidated its unique morphological characteristics, together with observations derived from animal models of disease (26, 52, 54, 55). New insights raised from genetic and transcriptomic studies on IPF samples have given a better comprehension of the molecular and cellular mechanisms determining the lung phenotype of IPF and patient therapeutics (25, 54, 56).

The physiological role of PTX3 in IPF remains to be elucidated. However, present results and previous evidence suggest a role of PTX3 in lung repair in experimental models of lung injury (16), an association of PTX3 and Primary Graft Dysfunction (PGD) in IPF recipients after lung transplant (57), or a potential role of PTX3 produced by fibroblasts and bronchial epithelial cells in fibrocyte differentiation in vitro (28). In the lung tissue samples obtained from IPF patients, PTX3 was found associated with fibrotic areas of ECM, epithelium, and alveolar leukocytes (28). In order to gain a deeper insight into this association, we analyzed microarray data of lung samples from IPF (GEO database: GSE32537) using Phantasus (58), a web application for visual and interactive gene expression analysis (https://genome.ifmo.ru/phantasus). Besides upregulated genes related to fibrosis (COL1A1, FGFR2, TIMP2, and TGF-β2/3; Figures 2A, C), increased expression of M2-macrophage and inhibition of M1-macrophage related genes were found in IPF samples (Figures 2A, C), similarly to WT mice exposed to BLM (Figure 1B). Moreover, IL-10 and PTX3 expression were down-regulated in IPF in this set of lung microarray (Figure 2A), as shown by normalized data (Figure 2C). PLAUR and SERPINE-1, genes belonging to the fibrinolytic system and related to tissue repair, were also down-regulated (Figures 2B, C). Thus, PTX3 gene down-regulation in lung samples may be related to active IPF pathology. This recapitulates the mouse phenotype observed in vivo, with aberrant collagen deposition in Ptx3-/- mice [Figure 1 (29)], supporting the possibility that endogenous PTX3 exerts a protective role and may be involved in IPF disease. Therefore, PTX3 down-regulation could be part of a TGF-β1 regulatory program leading to fibrinolysis inhibition and ECM increased deposition, both determinants of IPF pathogenesis and progression.




Figure 2 | Impact of PTX3 in Idiopathic Pulmonary Fibrosis and therapeutic opportunities. Microarray analysis of lung samples from IPF (n=119) and healthy (n=50) individuals from GEO database: GSE32537 were analyzed by Phantasus (58) (https://genome.ifmo.ru/phantasus). (A) Lung expression of PTX3, fibrogenic markers as COL1A1, FGFR2, TGFB2, TGFB3 and TIMP-2, M1 (SOCS1 and TLR4) and M2 (IL-10, MRC2, IL1RN, and MMP-12) macrophage polarization markers (B) Expression of coagulation cascade FGA (Fibrinogen alpha-chain precursor), PLG (Plasminogen precursor), PLAT (Tissue-type Plasminogen Activator precursor), PLAU (Urokinase-type Plasminogen Activator precursor), PLAUR (Urokinase Plasminogen Activator Receptor) and SERPINE1 (PAI-1 Plasminogen Activator Inhibitor-1) in IPF and health samples. (C) Data table with analysis from GEO database GSE32537 analyzed by Phantasus according to the instructions for the use of the application. Differences were considered significant at P value <0,05. (D) Possible mechanisms and therapeutic opportunities of PTX3 in the context of IPF. IPF is characterized by a reduced PTX3 production (red background), however PTX3 may act as an anti-inflammatory as well as a pro-resolutive modulator of chronic pulmonary inflammation and fibrosis in IPF (blue background) at different levels: (1) Neutrophil influx is facilitated through the interaction with P-selectin expressed on the surface of ECs, (2) PTX3 could antagonize endothelial P-selectin, dampening neutrophil influx during chronic pulmonary inflammation; (3) the abundance of apoptotic cells in airways from IPF is related to DC phagocytosis and activation that sustain chronic lung inflammation, (4) PTX3 may block apoptotic cell internalization and consequent inflammation; (5) FGF2 activates fibroblasts and ECs, (6) however PTX3 interacts with FGF2 reducing its availability for binding to FGFR2 on fibroblasts and consequent fibrosis;  (7) complement and apoptotic cell deposition in the lungs lead to chronic inflammation,  (8) on the other side PTX3 may act as a scavenger preventing the excessive deposition of both complement components and apoptotic cells in lungs and consequent attenuation of tissue damage and inflammation; (9) Alveolar macrophages from IPF display defective efferocytosis and increased TGF-β1 production, contributing to tissue fibrogenesis, (10) while PTX3 may enhance macrophage efferocytosis and M2 polarization and resolution of inflammation by IL-10; (11) Finally, defective PTX3 production in IPF may increase fibrin deposition and fibrosis, (12) but PTX3 could contribute to the resolution of fibrosis, interacting with fibrin-clots and disorganized collagen fibers in the lung parenchyma, supporting fibrinolysis and clearance of ECM debris by macrophage phagocytosis, promoting lung tissue healing and repair.





Therapeutic Opportunities of PTX3 in the Context of IPF: What Mechanisms Would Be Involved?

Data reported by Maccarinelli et al. (29) and our results suggest that IPF may be related to a low expression of PTX3 in lung tissue. Therefore, we could consider restoring PTX3 levels exogenously (as summarized in Figure 1G) as a possible therapeutic approach for IPF. Different roles of PTX3 could be considered:



PTX3 as a Negative Modulator of Chronic Airway Inflammation in IPF

Chronic inflammation can lead to an imbalance in soluble factors production and leukocyte recruitment, turning the healing response into a pathological fibrotic response (52). Chronic neutrophilic airway inflammation occurs in IPF and airway neutrophilia, mainly due to CXCL8 produced by alveolar macrophages (59), and predicts mortality of IPF patient (60). PTX3 regulates neutrophils influx through interaction with P-selectin expressed on the surface of ECs (31, 61), thus, exogenous PTX3 may dampen neutrophil influx into IPF airways (Figure 2D). Moreover, soluble PTX3 derived from Human Umbilical Cord Blood-Derived Mesenchymal Stem Cells (UCB-MSCs) has anti-inflammatory effects in ALI, as shown in a model of neonatal hyperoxia-induced lung injury in rats. Similarly, adoptive transfer of MSC from WT but not from Ptx3-/- mice improved oxygenation with reduced lung collapse and neutrophils (33), shaping the differentiation of anti-inflammatory macrophages (62). On the other hand, Dendritic cells (DCs), activated by the phagocytosis of apoptotic cells, are described to sustain chronic lung inflammation in IPF (63). Nevertheless, in the presence of PTX3, DCs failed to internalize apoptotic cells (21), thus suggesting that PTX3 may prevent chronic pulmonary inflammation in IPF (Figure 2D). However, whether endogenous or exogenous PTX3 acts as a tissue-protective or resilience factor stimulating lung tissue reepithelization remains unexplored.



PTX3 Involvement in Resolution of Inflammation in IPF

Efficient resolution of inflammation is crucial for the restoration of tissue integrity. PTX3 has been reported to induce the polarization of macrophages into anti-inflammatory M2 phenotype and to stimulate them to secrete the resolutive cytokine IL-10 (62, 64). Moreover, as mentioned above, PTX3 production by MSC reinforced M2 macrophage markers, inducing Dectin-1 and IL-10, and protecting mice from neonatal hyperoxia-induced lung injury (62). Therefore, PTX3 may contribute to the resolution of chronic inflammation in IPF via M2-macrophages enhancing IL-10-dependent anti-inflammatory and resolutive functions, such as neutrophil apoptosis (Figure 2D). Nevertheless, impaired efferocytosis can result in inflammation-associated pathologies (65). Indeed, efferocytosis by alveolar macrophages is impaired in IPF samples compared with other interstitial pneumonia (66), and a dysregulated or defective efferocytosis may contribute to the pathogenesis of IPF (65, 66). Notably, post-efferocytotic, satiated macrophages [also termed Mres (67)] produce high levels of TGF‐β1 (68). However, this production seems to be functionally antagonized by the production of IFN-β in these macrophages (69), that directs their anti-fibrotic phenotype (70, 71). Along these lines, apoptotic cell instillation after BLM attenuates lung injury (72) and induces PPARγ, promoting lung fibrosis resolution via regulation of efferocytosis and IL-10 production (73). In this way, PTX3 recognizes apoptotic cells and may facilitate the clearance of dead or dying cells (1). Therefore, the capacity of PTX3 to affect apoptotic cell recognition and efferocytosis could represent an additional mechanism of negative regulation of chronic inflammation in IPF (Figure 2D) (66). PTX3 enhanced complement-mediated clearance of apoptotic debris. The protein is recruited by C4 binding protein (C4BP) on apoptotic cells reducing the deposition of the lytic C5b-9 terminal complex at sites of tissue injury (74), limiting the complement-mediated tissue damage and inflammation (1), and possibly tissue fibrosis (Figure 2D).



PTX3 as a Resolutive Modulator of Tissue Fibrosis in IPF

PTX3 interaction with plasminogen ensures the timely removal of fibrin deposits in the inflammatory ECM of the lung, allowing for the proper sequence of processes leading to efficient tissue repair. TGF-β1, the major fibrogenic molecule involved in the mechanisms of excessive ECM deposition in pulmonary fibrosis, negatively regulates PTX3 and ECM-degrading molecules (e.g., MMPs, uPA) and up-regulates TIMPs and PAI-1 (45, 75). Thus, defective PTX3-mediated fibrinolysis may represent a key mechanism underlying the development of the disease. Therefore, TGF-β1 induces suppression of PTX3-mediated fibrinolysis and may represent another mechanism underlying the development of IPF. In other contexts of tissue repair (16, 33, 35), PTX3 administration reversed the defective fibrinolysis associated with PTX3-deficiency and this may represent an important activity underlying PTX3 role in regulating the evolution towards fibrotic scarring of the lung (Figure 2D). PTX3 interacts with FGF2 and modulates the FGFR2-dependent vascularization of tumors and FGFR2-mediated smooth muscle cell proliferation and artery restenosis (76, 77). The expression of FGF2/FGFR2 axis is elevated in IPF samples (78), and FGFR2-dependent signaling is involved in pulmonary fibrosis (76, 79). Therefore, a down-regulation of PTX3 in IPF may represent a possible failure to antagonize these fibrotic pathways (Figure 2D). Finally, PTX3 also interacts with collagens and our own preliminary results indicate a possible involvement of collagen remodeling by mesenchymal cells, thus suggesting an effect in removing the excess of ECM from tissue parenchyma (Figure 2D) and hence in promoting tissue healing.



Concluding and Remarks

Failure to control the overlapping events leading to the healing process is the cause of the functional tissue replacement by fibrous scar. Growing evidences indicate that abnormalities in pathways involving fibroblast activation and coagulation cascade drive abnormal fibroproliferation and progressive replacement of lung parenchyma by collagen (37, 80). Understanding the molecules involved in these pathways during aberrant wound repair may predict new targets and therapeutic intervention strategies. PTX3, besides being an essential fluid-phase PRM of the innate immune system, is involved in the healing at wound sites, favoring timely fibrinolysis through the interaction with fibrin and plasminogen. Results reported by Maccarinelli and colleagues and our observations indicate a protective and regulatory role of PTX3 in BLM-induced lung fibrosis models of lung injury. Besides IPF, other pathological conditions can result in pulmonary fibrosis, last but not least the persistent post-COVID syndrome (81, 82). Many questions remain open, starting from the therapeutic effect of PTX3 to the mechanisms involved in the protective role of the protein and the relationships of PTX3 with the homeostasis of the airway epithelium and with the collagen fibers of the ECM. Little is known about the effect of IPF therapy with Pirfenidone/Nintedanib on PTX3. Further clinical studies will be necessary to answer these and many other questions. Thus, in summary, we assessed the involvement of PTX3 in pulmonary fibrosis. Based on the literature and recent data, we propose that PTX3 may have a physiological and protective role during IPF, interacting with various circuits and representing a potential therapeutic target, acting as a pro-resolutive molecule in the context of pulmonary fibrosis.
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PTX3 is a unique member of the long pentraxins family and plays an indispensable role in regulating the immune system. We previously showed that PTX3 deletion aggravates allergic inflammation via a Th17 -dominant phenotype and enhanced CD4 T cell survival using a murine model of ovalbumin (OVA) induced allergic inflammation. In this study, we identified that upon OVA exposure, increased infiltration of CD11c+CD11b+ dendritic cells (DCs) was observed in the lungs of PTX3-/- mice compared to wild type littermate. Further analysis showed that a short-term OVA exposure led to an increased number of bone marrow common myeloid progenitors (CMP) population concomitantly with increased Ly6Chigh CCR2high monocytes and CD11c+CD11b+ DCs in the lungs. Also, pulmonary CD11c+CD11b+ DCs from OVA-exposed PTX3-/- mice exhibited enhanced expression of maturation markers, chemokines receptors CCR2, and increased OVA uptake and processing compared to wild type controls. Taken together, our data suggest that PTX3 deficiency heightened lung CD11c+CD11b+DC numbers and function, hence exacerbating airway inflammatory response.
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Introduction

Allergic asthma is a chronic disease of the airways that is characterized by a maladaptive T helper immune response. Several previously published reports have elaborated on dendritic cells’ crucial role (DCs) in regulating specific helper T cell phenotype and functions in the lungs in response to allergens. Upon allergen/antigen exposure, bone marrow releases CCR2high monocytes that circulate through the blood, reach the pulmonary tissue, and contribute to the generation of inflammatory monocytes derived CD11c+CD11b+DCs (1).

Airway DCs constitute a network with extended dendrites in the epithelium to capture inhaled antigen or allergen then migrate to the T cell zone in draining lymph nodes (2). During this process, immature DCs undergo maturation characterized by upregulation of cell surface expression of MHCII, CD40, CD86 and CD80. DCs process aeroallergens and present allergen peptides to the naïve CD4 T cells that initiate differentiation of naïve CD4 T cells to specific Th cells (3). Upon repeated exposures of allergen, differentiated Th cells return to the effector site in the lungs and initiate inflammation (4). During this stage, mature DCs co-localize with effector T cells in inflammatory areas (1). Deletion of DCs at this stage resulted in ablation of Th2-dependent inflammatory responses in mice, suggesting a critical role of such DCs in regulating effector helper T cell-mediated responses (1).

Pentraxin 3 is a member of a long pentraxin family of pattern recognition receptors that plays a critical role in tuning inflammation in several pulmonary diseases (5). Several reports have shown the production of PTX3 by structural and inflammatory cells in mice and humans (6). Dendritic cells, particularly myeloid DCs but not plasmacytoid DCs, are among the primary producer of PTX3 (5, 6). Furthermore, stimulation with TLR ligands, CD40L, IL-10 and IL-1β induce PTX3 production by DCs (7, 8). PTX3 binds to the late apoptotic T cells and inhibits their internalization by human dendritic cells (9).

Exogenous administration of PTX3 during the early stage of aspergillosis in p47phox-/- mice restored anti-aspergillus resistance (10). PTX3 treatment of DCs down-regulated production of IL-23 that resulted in a restricted expansion of IL-23-dependent IL-17A producing γδ T cells (10). We recently showed that PTX3 deficiency resulted in an IL-17A dominant inflammation in the mouse model of allergic inflammation (11). CD4 T cells exhibited enhanced IL-17A production in ovalbumin (OVA)-exposed PTX3-/- mice than their wild-type controls. CD11c+CD11b+ DCs from PTX3-/- mice displayed increased production of Th17 polarizing cytokines, including IL-6 and IL-23, favoring Th17 CD4 T cells (11). However, the mechanism governing the PTX3 effect on regulating dendritic cells in allergic inflammation is not fully understood.

In light of our previous findings (11), we sought to understand the role of PTX3 deletion in shaping CD11c+CD11b+ DCs function in the context of allergic inflammation. Our study identified that OVA exposure induced increased infiltration of CD11c+CD11b+ DCs in the lungs in PTX3-/- mice compared to wild-type littermate. Upon OVA challenge, PTX3-/- bone marrow showed increased frequency of common myeloid progenitors (CMP) population that corresponded with increased Ly6C CCR2high monocytes and CD11c+CD11b+ DCs in the lungs. In addition, pulmonary CD11c+CD11b+ DCs exhibited enhanced expression of maturation markers upon OVA-exposed PTX3-/- mice than their wild-type controls. These cells also exhibited increased OVA uptake and processing. Together, our data suggest a differential phenotype and function of CD11c+CD11b+ DCs in the absence of PTX3.



Material and Methods


Mice

PTX3-/- and littermate PTX3 +/+ mice (129SvEv/Bl/6 background) were kindly provided by Dr. M. Matzuk (Baylor College of Medicine, Texas, USA). Animals were housed in individualized ventilated cages with wooden chip bedding in enriched environment conditions in the animal care facility, the University of Manitoba. Animals were maintained in 12 hours dark-light cycle and supplied with standard chow and water ad libitum. Animal usage was strictly according to instructed guidelines by the Canadian Council for Animal Care and the University of Manitoba Animal Ethics Board (Protocol Number 15802).



OVA Sensitization and Challenge, and OVA Uptake and Processing

Six to eight weeks old females PTX3-/- and PTX3+/+ mice were sensitized by intraperitoneal (IP) injection of OVA (Grade V, Sigma Aldrich Canada) and alum (Imject Alum, Biotechnology). In brief, on day 1, mice were sensitized with IP injection of OVA/alum mixture, 250μl of 8mg/ml alum mixed with 250μl of 4μg/ml OVA dissolved in PBS. On day 11, mice were boosted with IP injection of OVA/alum mixture, as in day 1, and 50μl of OVA (1mg/ml) administered intranasally (IN). On days 19 and 20, PTX3-/- and PTX3+/+ mice were challenged with IN administration of 50μg of OVA in 50μl PBS solution. 48 hrs after the last challenge, mice were sacrificed, and tissues were harvested. Naïve mice that received PBS only according to the same protocol were used as controls.

To examine in vivo OVA uptake, OVA-sensitized mice, as described above, then were challenged intranasally with 50 μg OVA-DQ (Life technology-Invitrogen, Carlsbad, CA) in 50μl of PBS at day 19. At the indicated time, the lung tissue and mediastinal lymph nodes (MLN), were harvested to examine the uptake and processing of DQ-OVA by DCs using flow cytometry.

In another protocol, mice were IN challenged with 50μl of OVA (2mg/ml). Mice were then sacrificed at 12 or 24hrs, and lung tissue, MLN, blood and bone marrow cells were harvested. Again, naïve mice challenged with PBS were used as controls.



Bone Marrow Single-Cell Preparation

Naïve and OVA exposed PTX3+/+ and PTX3-/- mice were sacrificed, and tibia and femur bones were collected as described previously (12). Bones were flushed with 10 ml of complete media, bone marrow cells were filtered using a cell strainer, collected cells were centrifuged at 1200 rpm, and the pellet was resuspended in ACK buffer for 5 minutes to lyse red blood cells. ACK was neutralized with complete media, and cells were then centrifuged and resuspended in fresh complete cell culture media before FACS staining.


Flow Cytometric Analysis of Pulmonary Dendritic Cells

Pulmonary conventional DC subsets were analyzed by FACS from PTX3-/- or PTX3 +/+mice after OVA exposure. Briefly, lungs were removed from mice, and enzymatically digested using 1 mg/ml collagenase IV and 0.5 mg/ml DNase in RPMI 1640 medium, as described previously (13, 14). After Fc blocking, single-cell suspension was incubated with appropriate antibodies (see Table 1) followed by acquisition using a BD FACS Canto-II (BD, San Diego, CA) and analyzed using FlowJo software. Similarly, MLN, bone marrow or blood cells were blocked with Fc blocker and stained with respective antibodies (Table 1).


Table 1 | Antibodies used in flow cytometry.



For detecting CMP, bone marrow single cells preparation was labeled with anti-mouse lineage Abs (lin-PE: anti-mouse CD3; anti-mouse Ly-6G/Ly-6C; anti-mouse CD11b; anti-mouse CD45R/B220; anti-mouse TER-119), anti-Ly-6A/E- (Sca1) FITC, anti c-kit-APC, anti-CD16/32 PE-Cy7 and anti-CD34 pacific blue. Labeled cells were then acquired on FACS Canto II (BD Biosciences) and analyzed using FlowJo software.




Survival Assay

Apoptosis/survival of lung DCs were determined by staining lung cell suspension with annexin V and DAPI using Apoptosis Detection kit FITC according to manufacturer’s instructions (eBioscience Inc.) as we described previously (11). Briefly, cells were first stained with specific fluorochrome-conjugated antibodies, washed with flow buffer once and then in 1X annexin V binding buffer. Resuspended cells were then centrifuged at 1200rpm and stained with FITC labelled annexin V. These cells were incubated at room temperature for 10-15 minutes, followed by washing in 1X binding buffer. After washing, cells were resuspended in 100-200μl 1X binding buffer, to which 1μl of DAPI was added, and incubated at room temperature for at least 5 minutes. Cells were then acquired on FACS Canto II (BD Biosciences) and analyzed using FlowJo software.



Statistical Analysis

Results are shown as mean-/+ SEM, analyzed using two-way ANOVA (Graph Pad prism 8) and post hoc Tukey’s multiple comparisons, and the Mann-Whitney test. Unless otherwise stated, data are collected from at least three experiments; each experiment contained at least three-five mice in each experimental group. p-value <0.05 was considered significant in all quantitative experiments.




Results


PTX3-/- Mice Exhibited Enhanced Accumulation of CD11c+CD11b+ DCs in the Lungs Upon OVA Exposure

Recently we showed that the deletion of PTX3 resulted in excessive airway inflammation upon OVA exposure, mainly characterized by enhanced airway and lung tissue infiltration by eosinophils and neutrophils (11). OVA-induced IL-17-dominant inflammation in PTX3-/- mice compared to their PTX3+/+ counterparts was attributed partly to a preponderance of IL-6 and IL-23 producing DCs in PTX3-/- mice (11). However, whether PTX3 deletion leads to enhanced recruitment of particular DC subsets in the lung upon OVA challenge is unknown. Using the OVA protocol described in Figure 1A, we found that PTX3-/- mice showed enhanced accumulation of CD11c+ DCs in the lungs compared to PTX3+/+ mice upon OVA sensitization and challenge (Figures 1B–D). CD11c+ DCs are further characterized as proinflammatory CD11b+/high pulmonary DCs known to transport antigen from lungs to the lymphoid organs (15, 16). In PTX3-/- mice, we observed a concomitant increase in lung CD11c+CD11b+ DCs upon OVA exposure compared to their WT littermate (Figures 1E, F).




Figure 1 | PTX3 deletion results in increased accumulation of CD11c+CD11b+ DCs in the lungs in response to OVA sensitization and challenge. (A) Schematic diagram showing the protocol of OVA sensitization and challenge. (B) Lung Cells were gated for autofluorescence- Gr-1-Siglec F-F4/80- CD11c+ cells (C, D) that were then gated for CD11b+ cells (E, F). Quantification and statistical analysis of FACS data are shown as graphs. n = 6-8/group, *p < 0.01 using Mann-Whitney test.



Next, we were interested in understanding the plausible mechanism that supported an increased abundance of lung DCs in PTX3-/- mice. PTX3-/- CD4 T cells showed enhanced survival compared to CD4 T cells from PTX3+/+ littermate (11). Thus, we next examined the survival of PTX3-/- and PTX3+/+ lung DCs ex vivo by staining cells with annexin V and DAPI to assess whether a similar phenomenon existed for DCs in PTX3-/- mice. Interestingly, OVA–exposed PTX3+/+ and PTX3-/- lung DCs showed comparable survival (Supplementary Figure 1), suggesting that the survival pathway has no role in increased abundance of DCs in the lungs PTX3-/- mice.



PTX3-/- Mice Showed Enhanced Common Myeloid Progenitors Generation in Bone Marrow

Previously published reports indicated that common myeloid progenitors (CMP) in the bone marrow efficiently give rise to Ly-6ChighCD11b+ inflammatory monocytes (17). Inflammatory monocytes emigrate from the bone marrow, circulate through the blood and rapidly differentiate into CD11c+CD11b+ DCs in the peripheral tissue under inflammatory conditions (18). Therefore, we aimed to understand whether augmented pulmonary accumulation of CD11b+DCs in PTX3-/- mice was due to enhanced generation of CMPs, increased recruitment of Ly-6ChighCD11b+ monocytes, or differentiation of the latter into inflammatory DCs in the lungs. PTX3+/+ and PTX3-/- mice were challenged intranasally with 100μg OVA (Figure 2A), and the frequency of CD11b+CD11c+ DCs in the lungs 12 hrs and 24 hrs post-OVA challenge were assessed. As observed in the three weeks OVA sensitization and challenge protocol, short-term OVA challenge increased accumulation of lung CD11c+CD11b+DCs in PTX3-/- mice compared to PTX3+/+ mice (Figures 2B, C, n=6-8, P< 0.01).




Figure 2 | PTX3-/- mice showed increased accumulation of DCs in lungs after short term OVA exposure. (A) Schematic diagram showing the protocol of OVA exposure and collection of samples at 12 hrs and 24 hrs. (B) Lung Cells were gated for autofluorescence- Gr-1-Siglec F-F4/80- CD11c+ cells. (C) Accumulation of lung CD11c+ CD11b+ DCs 12 hrs and 24 hrs post i.n OVA exposure was compared with naïve lung DCs. (C) Quantification and statistical analysis of Flow cytometry data is shown as graphs. n = 6-8/group, *p < 0.01 using two-way ANOVA.



We then determined how the OVA challenge affected monocytic lineage progenitors in bone marrow in the presence and absence of PTX3. In contrast to PTX3+/+, CMP cell count in the bone marrow of PTX3-/- mice, gated on Lin- cKit+Sca1+ (Figure 3A), showed a significant increase upon OVA exposure (Figures 3B, C). Conversely, we observed a slight reduction of bone marrow monocytes frequency, gated on GR-F4/80-Siglec- (Figure 3D), in PTX3-/- mice 12 hrs post OVA challenge (Figures 3E, F). After 24 hrs of OVA exposure, monocytes frequency in PTX3-/- mice come back to the baseline level; however, monocytes accumulated in the BM in PTX3+/+ mice (Figure 3F).




Figure 3 | OVA exposure results in increased CMP progenitors and in increased egress of monocytes from the bone marrow in PTX3-/- mice. Lin-cKit+Sca-1- cells were gated for CMP as (A). (B, C) CMP cells from naïve, 12 hrs and 24 hrs post i.n OVA exposed PTX3-/- mice were compared with CMP cells from PTX3+/+ mice. (D) Gating strategy for Ly6C+ CD11b+ monocytes in bone marrow. (E, F) BM monocytes from naïve, 12 hrs and 24 hrs post i.n OVA exposed PTX3-/- mice were compared with monocytes from PTX3+/+ mice. Quantification and statistical analysis of Flow cytometry data is shown as graphs. n = 6/group, *p < 0.01 using two-way ANOVA.



To investigate the possibility of BM increased exit to the blood and attraction toward lung tissue in PTX3 -/- mice compared to WT mice, we analyzed their frequency within the blood and lung (gated on CD11b+ and Ly6C levels, Figure 4A). At 12hrs upon OVA challenge, the Ly6Cint CD11b+ blood monocytes frequency increased compared to the baseline in PTX3-/- mice but was significantly lower than WT mice (Figure 4C). Furthermore, the frequency of blood and lung  CD11b+ Ly6Clow cells was similar between both strains (Figures 4B, E). Conversely, at 24h post OVA challenge, the Ly6Cint CD11b+lung monocytes frequency was higher in PTX3-/- compared to WT mice, but no difference was observed in WT mice (Figure 4F). Interestingly, in contrast to WT mice, no difference on the frequency of Ly6Chigh CD11b+ blood monocytes was detected in the blood of PTX3-/- mice compared to the baseline at 12 and 24hrs post OVA challenge (Figure 4D). On the other hand, compared to the baseline level, the frequency of Ly6Chigh CD11b+ lung monocytes decreased in both PTX3-/- and WT mice (Figure 4G).




Figure 4 | PTX3-/- mice showed increased egress of monocytes from the Blood and increased accumulation of monocytes in the lungs upon OVA exposure. (A) Blood monocytes were gated on CD45+ Gr1- F4/80 -. Monocytes from blood (B–D) and the lungs (E–G) at naïve, 12 hrs and 24 hrs post i.n OVA exposed PTX3-/- mice were compared with monocytes from PTX3+/+ mice. Quantification and statistical analysis of Flow cytometry data is shown as graphs. n = 6/group, *p < 0.01 using two-way ANOVA.





PTX3-/- Lung DCs Exhibited Increased Expression of CCR2, CCR5 and CCR6

CCR2, a chemokine receptor, plays a key role in directing DC precursors to egress from bone marrow to blood, enabling their migration to the tissue sites upon antigen exposure (19). Furthermore, CCR2 is highly expressed by Ly-6ChighCD11b+ inflammatory monocytes compared to Ly-6Clow/intCD11b+ patrolling monocytes (20), and is associated with increased differentiation of Ly-6ChighCD11b+ monocytes into pulmonary CD11c+CD11b+ DCs (21). Therefore, we investigated the regulation of CCR2 expression in OVA- challenged PTX3 -/- mice. Lung DCs from PTX3-/- showed increased expression of CCR2 at naïve state and 12 hrs post OVA exposure in comparison with WT mice (Figures 5A, B) but not at 24 hrs post OVA challenge.




Figure 5 | PTX3 deletion affect CCR2, CCR5 and CCR6 expression on lungs DCs. Expression of CCR2 (A, B), CCR5 (C, D) and CCR6 (E, F) were assessed by flow cytometry on CD11c+CD11b+ DCs from the lungs. Gating strategy as shown in Figure 1B. White bars represent PTX3+/+ and black bars represent PTX3-/-. Quantification and statistical analysis of Flow cytometry data is shown as graphs. n = 6/group, *p < 0.01 using two-way ANOVA.



CCR5 is expressed by immature DCs that facilitate migration later to the tissue sites. Immature DCs also express CCR6 that performs a similar function as CCR5. We evaluated the expression of both chemokine receptors on lung DCs and found that the expression of CCR5 (Figures 5C, D, P<0.01) and CCR6 (Figures 5E, F, P<0.01) was more significant on PTX3-/- DCs at naïve state as compared to PTX3+/+ DCs. PTX3-/- lung DCs, although it exhibited increased surface expression of both CCR5 and CCR6 24 hrs post OVA challenge compared to PTX3+/+ lung DCs (Figures 5D, F), this expression was not different compared to the baseline expression for CCR5 or even decrease for CCR6 (Figures 5C–F and Supplementary Figure 2). No apparent difference in their expression was found on monocytes from BM, blood and the lungs (data not shown). Altogether our data demonstrated an inherent increased expression of CCR2, CCR5 and CCR6 on lung DCs PTX3-/- mice at the baseline and enhanced CCR2 expression upon OVA challenge compared to WT mice.



PTX3-/- Lung DCs Showed Reduced MHCII but Enhanced CD86 Surface Expression

In OVA-exposed PTX3-/- mice, CD4 T cells exhibited enhanced activation and IL-17A dominant cytokine production (11). Given that DCs process and present antigens to T cells and regulate T cell-dependent inflammatory response through the expression of costimulatory molecules, such as MHCII, CD80, CD86 and CD40, we next assessed whether PTX3 deletion resulted in differential maturation status of DCs, which may explain the phenotype and functions of CD4 T cells. PTX3-/- lung DCs showed lower surface expression of MHC II (Figures 6A, B) but an enhanced expression of CD86 (Figures 6A, D) upon OVA sensitization/challenge (Figure 1A). Surface expression of CD40 (Figures 6A, C) and CD80 (Figures 6A, E) remained similar in both genotypes at this time point.




Figure 6 | PTX3 deletion results in reduced surface expression of MHCII but an enhanced surface expression of CD80 and CD86 in response to OVA. After 3 weeks of OVA sensitization and challenge regimen, lung CD11b+CD11c+ DCs were analyzed for the expression of MHCII (A, B), CD40 (A, C), CD86 (A, D) and CD80 (A, E) by flow cytometry. Quantification and statistical analysis of Flow cytometry data is shown as graphs. n = 6 mice group, *p < 0.01 using Mann-Whitney test.



We also determined the surface expression of MHCII, CD80, CD86 and CD40 at naïve state and after short-term OVA exposure (Figure 2A). Their surface expression was comparable on naïve lung CD11c+CD11b+ DCs in both PTX3-/- and WT mice (Supplementary Figures 3A–D). Interestingly, lung DCs from PTX3-/- mice showed an increase in the expression of MHCII, CD80 and CD86 24 hrs OVA challenge compared to WT mice (Supplementary Figures 3A, B, D). CD40 surface expression was similar in DCs isolated from OVA challenged (12 hrs and 24 hrs) mice of both genotypes (Supplementary Figure 3C).



PTX3+/+ Lung CD11c+CD11b+ DCs Exhibit Enhanced OVA Uptake and Processing as Compared to PTX3+/+ DCs

DCs take up allergen/antigen and process them into immunogenic peptides for subsequent T cells presentation (1). To study whether PTX3 deletion affected OVA uptake and presentation by lung DCs, we used DQ-OVA in vivo. DQ-OVA is digested proteolytically to release photostable and pH-insensitive green fluorescent peptides by antigen-presenting cells (22). The frequency of DCs, which processed OVA, was higher in PTX3-/- mice lungs compared to WT mice (Figures 7A, D). Similar to total lung DCs, a subset of CD11c+CD11b+ DCs that were actively processing OVA showed reduced MHC II (Figures 7C, F) and increased CD86 (Figures 7B, E) surface expression in PTX3-/- mice.




Figure 7 | PTX3-/- lung DCs showed enhanced OVA uptake and processing. DQ-OVA was administered intranasally to PTX3-/- and PTX3+/+ mice and lung DCs were assessed for processed OVA signal (FITC) 16 hrs post administration (A, D). Surface expression of CD86 (B, E) and MHCII (C, F) was determined on processed OVA+ lung DCs (gated on CD11b+CD11c+). Quantification and statistical analysis of Flow cytometry data is shown as graphs (D–F). n = 6 mice per group, *p < 0.01 using Mann-Whitney test.



Lung DCs transport allergen to mediastinal lymph nodes and present allergen peptides to T cells to generate a specific effector T cell response (23). Therefore we explored the migration of DQ-OVA containing lung DCs to mesenteric lymph node (MLN). PTX3-/- mice showed greater infiltration of processed DQ-OVA containing DCs into the MLN (Supplementary Figure 4A). DCs in MLN also showed reduced MHCII (Supplementary Figure 4B); however, CD86 expression remained similar (Supplementary Figure 4C).




Discussion

DCs are strategically located in the epithelium to capture antigens/allergens and orchestrate immune response according to the antigen type (1). They are equipped to process allergens and present them to naïve CD4 T cells (4). Recently, we showed that deletion of PTX3 resulted in enhanced infiltration of inflammatory cells in the airways and the lungs, increased production of IgE and enhanced airway hyperreactivity in response to OVA challenge. Also, we identified that PTX3 deletion favored IL-17A-dominant inflammation in the lungs and the draining lymph nodes that is at least in part due to Th17 CD4 T cells (11). In this study, we identified that OVA exposure induced increased infiltration of CD11c+CD11b+ DCs in the lungs of PTX3-/- mice compared to wild-type littermate. This effect is associated with an increased number and frequency of common myeloid progenitors (CMP) population that may explain increased Ly6C CCR2high monocytes in the blood and subsequently CD11c+CD11b+ DCs in the lungs. Significantly, pulmonary CD11c+CD11b+ DCs exhibited enhanced expression of maturation markers upon OVA-exposed PTX3-/- mice compared to their wild-type controls and exhibited increased OVA uptake and processing. Taken together, our data suggest that PTX3 deficiency mediated increased inflammatory response in the context of allergic asthma is in part due to enhanced DCs function.

In this study, we first showed an increase in CD11b+CD11c+ DCs infiltration into the lungs of PTX3-/- mice compared to PTX3+/+ mice upon OVA exposure. Unlike PTX3-/- CD4 T cells (11), PTX3-/- DCs did not show any apparent difference in survival compared to PTX3+/+ DCs. A plausible explanation of such an increase in inflammatory CD11c+CD11b+ DCs could be enhanced generation of CMP in the bone marrow, which was observed in PTX3 depleted mice compared to their wild-type counterparts. Manz et al. (17) reported that CMP in bone marrow gives rise to granulocyte-monocyte progenitors (GMP), giving rise to functional DCs in vitro and in vivo. Although in our study, we did not find any difference in GMP population while CMP count was significantly increased in PTX3-/- compared to PTX3+/+ mice. Monocytes, an intermediate stage between GMP and tissue DCs, give rise to DCs that infiltrate the tissue upon inflammation. To understand whether the increased accumulation of lungs DCs depended on monocytes’ differentiation into DCs, we monitored monocytes in the bone marrow, blood, and the lungs. Reduction of monocytes in the bone marrow and blood but increase in their count in the lungs of PTX3-/- mice upon OVA exposure partly explains the increased accumulation of lung CD11c+CD11b+ DCs. Such monocytes, which can differentiate to functional DCs upon inflammation, are known as inflammatory monocytes. These are characterized by high expression of CCR2 in contrast to Ly6Clow/int CCR2low patrolling monocytes (24).

CCR2 plays a critical role in facilitating the egress of inflammatory monocytes from the bone marrow to blood and from blood to the lungs in response to allergen challenge (19). In our study, we observed that inflammatory monocytes were CCR2high in both genotypes. As CCR2 expression on monocytes at basal level was comparable in PTX3-/- and PTX3+/+ mice, it rules out the plausibility of an effect of PTX3 deletion on CCR2 expression in naïve state. Although we did not find a significant difference in the CCR2 expression on BM, blood and lung monocytes, lung DCs showed upregulation of CCR2 expression upon OVA exposure. Such observation could stem from two possibilities. PTX3-/- lung DCs with increased CCR2 represent monocytes that had increased CCR2, which upon antigen encounter differentiated into DCs; and/or the increase in CCR2 in PTX3-/- DCs regulates their accumulation in the lungs independent of its role on monocytes. Previously, diesel particles induced inflammation was shown to upregulate the expression of CCR2 in the lungs (25). Recruitment of inflammatory monocytes, monocyte-derived DCs and induction of subsequent pulmonary inflammation was also CCR2 dependent (25). Similarly, CCR2-dependent recruitment of monocytes-derived DCs has also been reported upon influenza infection, exposure to LPS and particulate antigens (19, 26). Loss of CCR2 could not be compensated by other chemokines- chemokine receptor systems (19).

Other chemokine receptors, including CCR5 and CCR6, have also been involved in directing monocytes to the tissue sites. These chemokine receptors are expressed on immature DCs and regulate their immigration to the tissue sites (27, 28). Previously Norata et al. (8) also showed enhanced CCR5 expression in the vascular wall of PTX3-/- apoE-/- mice compared to their PTX3+/+ counterpart. In our study, we observed an increased expression of CCR5 and CCR6 on naïve supposedly immature lung DCs in PTX3-/- mice at steady sate. Surface expression of CCR5 and CCR6 downregulate as DCs undergo maturation. Similarly, we found a reduction in CCR6 but not CCR5 expression 12 hrs post OVA challenge for PTX3 -/- mice, suggesting the possibility of acquiring naïve like phenotype by lung DCs 24 hrs after the challenge. Altogether it seems likely that increased CCR6 on naïve PTX3-/- lung DCs renders them more responsive to chemokines, which are released immediately after exposure to OVA. CCR6, on the other hand, regulates the migration of Tregs and Th17 cells into the inflammatory region (29). CCR5 expression, known to be associated with Th1 cells (30), was not different in both PTX3 and WT mice lung DCs. Whether the altered expression of these chemokine receptors on lung DCs is also involved in the regulation of Th17 promoting cytokines needs further studies.

PTX3 interacts with P-selectin and inhibits the migration of neutrophils to the peripheral tissues (31). This phenomenon was reversed upon disruption of PTX3 and P-selectin interaction either through PTX3 deletion or antibody-mediated inhibition (32). Furthermore, increased expression of P-selectin has been observed in PTX3-/- mice, further supporting the likelihood of P-selectin-dependent migration of inflammatory cells in the absence of PTX3. As monocytes are also dependent on P-selectin for migration, it is tempting to hypothesize this pathway’s involvement in enhanced monocytes and CD11c+CD11b+ DCs accumulation in the lungs.

In the lungs, DCs exist in an immature state and initiate their maturation upon allergen exposure process. Mature DCs process allergen, present allergen epitopes through MHCII along with the expression of an array of costimulatory molecules including CD40, CD80, and CD86, which are well known as maturation markers of DCs. PTX3-/- CD11c+CD11b+ DCs showed a greater ability to uptake and process OVA compared to PTX3+/+ DCs. Surprisingly, PTX3-/- DCs expressed a reduced level of MHCII. Whether the lower expression of MHCII by PTX3 -/- DCs was due to increased recycling of MHCII or reduced biosynthesis or transport to the membrane is unknown (33). Engagement of CD80/86 by CD28 induces the production of IL-6 by DCs (34). In our work, we observed enhanced expression of CD80 and CD86 by PTX3-/- CD11c+CD11b+ DCs in contrast to PTX3+/+ CD11c+CD11b+ DCs, which is also concurrent with increased production of IL-6 by PTX3-/- DCs (11). Consistent with increased maturation, antigen uptake, and processing, we also observed more significant migration of OVA peptide containing CD11c+CD11b+ DCs from lungs to the draining lymph nodes in PTX3-/- mice as compared to their wild type controls. Altogether our data provide plausible insight into how deletion of PTX3 has rendered pulmonary DCs hyper mature upon OVA exposure and affected their function.
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Supplementary Figure 1 | PTX3+/+ and PTX3-/- lung DCs show comparable survival. (A) Survival of lung DCs (CD11c+CD11b+) was assessed by annexin V and DAPI staining. % of gated cells is presented as mean+/- SEM in graph (B), n = 8-10/group. *P < 0.01.

Supplementary Figure 2 | PTX3 deletion affect CCR2 expression on lungs DCs. Expression of CCR2 (A), CCR5 (B) and CCR6 (C) were assessed by flow cytometry on CD11c+CD11b+ DCs from the lungs. Quantification and statistical analysis of Flow cytometry data was done using two way ANOVA. n = 6/group, p values are indicated above the graph bars.

Supplementary Figure 3 | Quantification and statistical analysis of the expression of MHCII (A), CD86 (B), CD40 (C) and CD80 (D) at naïve state, 12 and 24 hrs after single i.n OVA challenge. n = 6/group, *p < 0.01.

Supplementary Figure 4 | PTX3-/- mice exhibited increased accumulation of OVA containing DCs in MLN. (A) Sensitized and challenged mice were IN challenged with DQ-OVA at day 19, then 24 hrs post i.n administration of DQ-OVA, PTX3-/- MLN DCs that contained processed OVA were compared with those from PTX3+/+ mice. Surface expression of MHCII (B) and CD86 (C) was determined on processed OVA+ PTX3+/+ and PTX3-/- MLN DCs. Result depicted is a representative of 2 experiments with n = 4 mice per each group.
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Background

Infliximab is effective in inducing and maintaining remission in patients with Crohn’s disease (CD), but primary non-response (PNR) occurs in 10-30% of cases. We investigated whether serum biomarkers are effective in predicting PNR in patients with CD.



Methods

From January 2016 to April 2020, a total of 260 patients were recruited to this prospective and retrospective cohort study. Serum samples were collected at baseline and week 2 of infliximab treatment. Serum levels of 35 cytokines were assessed in 18 patients from the discovery cohort and were further evaluated in the 60-patient cohort 1. Then, candidate cytokines and other serological biomarkers were used to construct a predictive model by logistic regression in a 182-patient cohort 2. PNR was defined based on the change of CD activity index or clinical symptoms.



Results

Among the 35 cytokines, matrix metalloproteinase 3(MMP3) and C-C motif ligand 2 (CCL2) were two effective serum biomarkers associated with PNR in both the discovery cohort and cohort 1. In cohort 2, serum level of MMP3, CCL2 and C-reactive protein (CRP) at 2 weeks after infliximab injection were independent predictors of PNR, with odds ratios (95% confidence interval) of 1.108(1.059-1.159), 0.940(0.920-0.965) and 1.102(1.031-1.117), respectively. A PNR classifier combining these three indicators had a large area under the curve [0.896(95% CI:0.895-0.897)] and negative predictive value [0.918(95%CI:0.917-0.919)] to predict PNR to infliximab.



Conclusions

MMP3, CCL2, and CRP are promising biomarkers in prediction of PNR to infliximab, and PNR classifier could accurately predict PNR and may be useful in clinical practice for therapy selection.





Keywords: Crohn’s disease, primary non-response, infliximab, serum biomarkers, prediction



Introduction

The introduction of infliximab (IFX), a chimeric monoclonal antibody against tumour necrosis factor (TNF)-α, has significantly improved therapy to induce and maintain remission in Crohn’s disease (CD) (1). However, 10-30% of patients receiving IFX are non-responsive during induction therapy (primary non-response, PNR) (2). Furthermore, IFX therapy is expensive and may give rise to some adverse events, such as infusion reactions and infections (1). Incorrect use of IFX in PNR patients would delay treatment as well as lead to disease progression (3). Thus, it is important to explore a method for precisely predicting PNR in patients of CD.

Previous studies have demonstrated that clinical characteristics (4, 5), including disease duration, age at diagnosis, concomitant use of immunosuppressant drugs, and disease location or behaviour, were associated with the efficacy of IFX. Besides, genetic polymorphisms (6, 7), microbiome (8) and serum biomarkers (5, 9) have also been studied with regard to response to IFX. Although some risk factors of PNR were confirmed, the mechanisms underlying PNR have not been broadly defined. It has been widely proposed that non-TNF-α mediated inflammation may result in PNR to IFX and some pro-inflammatory pathways could even be regulated by TNFα blockade (10). Therefore, we believe that the inflammatory state of patients could affect the IFX response, and alterations of inflammatory cytokines in serum might be an appropriate biomarker to predict PNR.

Previous studies have shown that inflammatory cytokines, including TNF-α, interleukin (IL)-6, IL-1β, IL-17A, IL-23, and IL-12, may be predictive factors of PNR to IFX (11–13). However, these studies only found the discrepant expression levels of the cytokines between the respondent and non-respondent groups, and none of these cytokines has been widely used in clinical practise. Thus, identifying effective serum cytokines that affect therapeutic failure could help select the most appropriate patients for IFX treatment. In this prospective and retrospective cohort study, we assessed circulating inflammatory cytokines levels before and after the administration of IFX to identify potential serum biomarkers, and then constructed a model in prediction of PNR to IFX in CD patients.



Patients and Methods


Study Design and Patient Population

This was a prospective and retrospective, single-centre cohort study, approved by the institutional ethics committee (IEC) for Clinical Research and Animal Trials of the First Affiliated Hospital of Sun Yat-sen University (No. 2019-383). Informed consent was obtained from all patients. Patients with a definite diagnosis of CD and receiving IFX therapy in the First Affiliated Hospital of Sun Yat-sen University were consecutively included in the study from January 2016 to April 2020. Other inclusion criteria were as follows: (1) treatment with 5 mg/kg IFX intravenously at week 0, 2, and 6; (2) naïve to anti-TNF and other biologicals therapy; and (3) CD activity index (CDAI) of ≥150 before IFX treatment. Exclusion criteria included the following: (1) lack of evaluation for disease activity at baseline or at week 14 after the first treatment with IFX; (2) unavailable blood samples at baseline and week 2; (3) delayed infusion; (4) pregnancy; and (5) lost to follow-up.

The Montreal system was used to classify the location and behaviour of CD patients (14). The CDAI was calculated for all patients at baseline and week 14 after IFX therapy. At baseline, clinical characteristics including sex, age at first IFX therapy, age at diagnosis, disease duration, body mass index, disease location and behaviour, presence of extraintestinal manifestations, history of smoking and surgery, concomitant azathioprine, and CDAI score were recorded. The endoscopic activity of patients was assessed using the Simple Endoscopic Score for Crohn’s Disease (SESCD). C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), albumin, haemoglobin, white blood cell, neutrophil, lymphocytes, and platelets counts were assessed at baseline and week 2 after IFX therapy.

PNR of IFX was defined as a failure of the CDAI to drop more than 70 points or to <150 at week 14 after IFX administration. Situations in which patients received an alternative therapy schedule such as an escalation of corticosteroid therapy, switching to other agents or having the surgery before week 14 were also defined as PNR.

In this prospective and retrospective study, a total of 260 patients were eligible (Figure 1). Retrospective single-centre cohorts were designed to screen (discovery cohort, n=18) and validate (Cohort 1, n=60) the candidate cytokines. The first 9 primary responders and 9 non-responders constituted a discovery cohort to identify potential biomarkers associated with PNR. Serum levels of 35 cytokines at baseline and week 2 after IFX therapy were examined by the Luminex cytokine multiplex assay in 18 patients from the discovery cohort. The latter 60 patients were recruited into cohort 1 to further verify and screen the candidate cytokines selected from the discovery cohort. Thereafter, a prospective single-centre cohort (cohort 2, n=182) was recruited from May 2018 to April 2020 in the First Affiliated Hospital of Sun Yat-sen University, which were used to construct a predictive model based on the findings from cohort 1 and do internal validation through the bootstrap validation approach.




Figure 1 | The flow chart of patient recruitment.





Sample Collection

The blood samples were collected into serum separator tubes (BD Biosciences, Franklin Lakes, NJ, USA) before intravenous injection of Infliximab at baseline and week 2. The tubes were centrifuged at 1900× g for 15 minutes, then the serum samples were aliquoted with 0.5ml tubes (Ambion, Foster City, CA) and stored at −80°C until analyses.



Assay for Serum Biomarkers

Serum levels of 35 cytokines, including C-C motif ligand (CCL)2, CCL4, CCL11, CCL20, CCL25, CCL26, CX3CL1, CXCL8, CXCL11, ADAMTS13, adiponectin, α-2-macroglobulin, matrix metalloproteinase (MMP)3, insulin-like growth factor binding protein-1, TNF-α, IL-1ß, IL-2, IL-4, IL-6, IL-7, IL-10, IL-11, IL-12 p70, IL-13, IL-17, IL-18, IL-23, IL-27, IL-28A, IL-28B, IL-31, IL-33, IL-34, and IL-36ß, at baseline and week 2 in discovery cohort were measured using a Luminex cytokine assay kit (LXSAHM-35) and a Luminex X-200 instrument according to the manufacturer’s protocol (R&D Systems, Minneapolis, MN, USA).

Enzyme-linked immunosorbent assay (ELISA) was used to measure levels of the molecules selected after the analysis of Luminex results obtained in the discovery cohort. In cohort 1 and 2, serum MMP3 levels were measured using a quantitative sandwich enzyme immunoassay (R&D Systems) at baseline and week 2. The serum CCL2 concentration was measured at week 2 using an ELISA kit (Abcam, Cambridge, UK, Ab179886). Serum IL-7 levels were measured using an ELISA kit (R&D Systems). Other indicators, such as CRP, ESR, albumin and so on, were tested with standard institutional protocols by the laboratory physicians at the First Affiliated Hospital of Sun Yat-sen University.



Statistical Analyses

Continuous and categorical variables were described as medians with interquartile ranges and frequency with percentages, respectively. The non-parametric Wilcoxon and chi-square tests for continuous and categorical variables, respectively, were used to assess differences between responders and non-responders. The False Discovery Rate (Benjaminiand-Hochberg method) was performed to adjust the p-value in the comparison of 35 serum biomarkers between primary responders and non-responders in the discovery cohort. A p-value of <0.05 denoted statistical significance. Multivariate logistic regression (enter) was used to evaluate the relationship between the clinical or serological variables with the significant differences in the univariate analysis and the outcome of PNR among all patients in cohort 2, and also in patients with determined response status by CDAI in cohort 2. The variables with a p-value of <0.05 in the multivariate analyses were defined as independent predictive indicators, and were selected to construct a logistic regression model, the PNR classifier. Multivariate logistic regression was also performed to calculate the odds ratio (OR) of the independent predictive indicators and PNR classifier in predicting PNR. The area under the receiver operating characteristics curve (AUC), sensitivity, specificity, positive predictive value and negative predictive value were used to assess the predictive ability of the model, and their respective mean [95% confidence interval (CI)] were calculated by bootstrapping with 2,000 replications. Moreover, the bootstrap validation approach was also used to assess the internal validation of the independent predictive indicators and the PNR classifier for predicting PNR in cohort 2. R software, version 4.0.0, was used for statistical analyses.




Results


Patients Characteristics

Between January 2016 and April 2020, 260 patients were included in this prospective and retrospective cohort study (Figure 1). Baseline characteristics for discovery cohort, and cohorts 1 and 2 are documented in Supplement Table 1 and Table 1, respectively. Only perianal disease (p<0.001) and serum albumin concentration (p=0.019) were significantly different between the two cohorts. In PNR patients, only ESR (p=0.015) was significantly different between cohort 1 and cohort 2 (Supplement Table 2). To evaluate the disease activity at week 14 more objectively, we performed a comparison of CRP, ESR and SESCD between primary responders and primary non-responders (Supplement Table 3). The results showed that primary non-responders had higher CRP, ESR and SESCD levels than primary responders at week 14 in both cohort 1 (CRP: p<0.001; ESR: p<0.001; SESCD: p<0.001) and cohort 2 (CRP: p<0.001; ESR: p<0.001; SESCD: p<0.001).


Table 1 | Baseline characteristics of Cohort 1 and 2.





Distinct Serum Cytokine Profiles in CD Patients Receiving IFX Treatment

In the discovery cohort, Luminex multiplex assay was performed using serum samples collected before IFX treatment and at week 2. Through non-parametric Wilcoxon test, we found that the serum CCL2 level at week 2 (p=0.013), MMP3 level at baseline (p=0.050), MMP3 level at week 2 (p=0.008), and the change of IL-7 from baseline to week 2 (ΔIL-7) (p=0.050) were significantly different between the primary responders and non-responders (Supplement Table 4). However, after adjusting the p-value by False Discovery Rate, none of the indicators was significantly different.

To verify the discrepant levels of these four serum indicators, we performed further analyses by ELISA in cohort 1. MMP3 level at baseline (p=0.040), MMP3 level at week 2 (p=0.004) and CCL2 level at week 2 (p=0.001) showed significant difference between primary non-responders and responders, while ΔIL-7 showed no significant change (p=0.094) (Table 2). Furthermore, we observed that CCL2 and MMP3 levels at week 2 were significantly altered in the multivariate analysis; the odds ratios (ORs) (95% CI) were 0.903 (0.877-0.986, p=0.010) and 1.203 (1.039-1.394, p=0.008), respectively. The receiver operating characteristics analysis revealed that CCL2 [AUC (95% CI): 0.790 (0.786-0.793)] and MMP3 [AUC (95% CI): 0.764 (0.760-0.767)] levels at week 2 could better predict PNR than MMP3 at baseline [AUC (95% CI): 0.683 (0.678-0.687)] and ΔIL-7 [AUC (95% CI): 0.632 (0.627-0.637)] (Figure 2).


Table 2 | Comparison of serum biomarkers detected by ELISA between primary non-responders and responders in cohort 1.






Figure 2 | Receiver operating characteristics (ROC) analyses of potential predictors in cohort 1. ROC Curve of change of IL-7 from baseline to week 2 (ΔIL-7), matrix metalloproteinase (MMP) 3 at baseline, MMP3 at week 2 and C-C motif ligand (CCL) 2 at week 2 for predicting primary non-response (n=12) in cohort 1 (n=60).





CCL2, MMP3, and CRP at Week 2 Are Independently Predictive of PNR

Considering that CCL2 and MMP3 at week 2 were the most important predictors of PNR to IFX, we further analysed these two indicators, as well as other clinical and serological markers, in cohort 2.

Univariate analyses showed that three clinical characteristics and eight serological indicators, including age at first IFX therapy (p=0.044), disease duration (p=0.002), CD behaviour (p=0.001), neutrophil percentage (p=0.010), lymphocytes counts(p=0.042), lymphocyte percentage (p=0.007), platelet-to-lymphocyte ratio (p=0.028), neutrophil-to-lymphocyte ratio (p=0.008), CRP (p<0.001), MMP3 (p<0.001) and CCL2 levels (p<0.001) at week 2, were significantly different between primary non-responders and responders (Table 3 and Supplemental Table 5).


Table 3 | Significant univariate association of clinical characteristics and serological markers for primary non-response in cohort 2.



Multivariate analyses of all patients in cohort 2 revealed that only CRP [OR 1.102 (95%CI: 1.031-1.117), p=0.004], MMP3 [OR 1.108 (95%CI: 1.059-1.159), p<0.001], and CCL2 levels at week 2 [OR 0.940 (95%CI: 0.920-0.965), p<0.001] were independently associated with PNR (Table 3). Another multivariate analysis was performed in patients with determined response status by CDAI, and the result was similar to that obtained while including all patients (Supplement Table 6).



A Novel Model for Predicting PNR

The predictive values of CRP, CCL2, and MMP3 at week 2 are shown in Table 4. Both CRP and MMP3 had large specificity [(95% CI): 0.768 (0.765-0.770) and 0.799 (0.796-0.802), respectively], whereas CCL2 had high sensitivity [0.783 (0.778-0.788)], but low specificity [0.687 (0.681-0.692)].


Table 4 | The ability of PNR classifier in predicting primary non-response to IFX.



To better predict PNR, we built a PNR classifier combining serum levels of CRP, CCL2, and MMP3 at week 2 through logistic regression, and the variance inflation factors of CRP, MMP3 and CCL2 was equal to 1.004, 1.008 and 1.012, respectively. PNR classifier had a large AUC of 0.896 (95% CI: 0.895-0.897) to predict PNR (Table 4). PNR classifier also had the largest specificity [0.888 (95%CI: 0.885-0.890)], negative predictive value [0.918 (95%CI: 0.917-0.919)] and positive predictive value [0.703 (95%CI: 0.699-0.708)] in the prediction of PNR among these 4 indicators. The OR for getting PNR in patients with a value of PNR classifier > 0.331 was 6.467 (95% CI: 1.928-21.687; p=0.002), after adjustment for covariates (Supplement Table 7). Furthermore, patients with serum concentration of MMP3 > 19.15pg/ml [OR (95% CI): 8.478 (2.307-31.160); p=0.001] or CRP > 3.79 mg/L [OR (95% CI): 6.314 (1.956-20.377); p=0.002] also had the high risk to getting PNR.




Discussion

IFX therapy is currently an important choice to induce and maintain remission in CD patients, but approximately 30% of patients exhibit PNR to IFX (1, 2). To achieve the goal of treating each patient at the right time with the optimal drug, it is necessary to detect which group of patients are unlikely to benefit from IFX treatment. In this prospective and retrospective cohort study of 260 CD patients, we found that clinical characteristics such as older age at first IFX therapy, longer disease duration, and stricturing behaviour were significantly associated with PNR to IFX. Furthermore, serum CRP, MMP3, and CCL2 levels at week 2 after IFX injection were the three independent predictors for PNR. Additionally, to better monitor CD, we further established a PNR classifier incorporating these three inflammation mediators, which was demonstrated to have a larger AUC (0.898 [95% CI: 0.837-0.947]) in discriminating primary non-responders from primary responders than using CRP, MMP3 or CCL2 independently. Thus, it can effectively identify patients who are suitable for IFX induction therapy.

MMP3 is a pattern of the large family of zinc dependent matrix metalloproteinases (MMPs), which plays an active role in the pathogenesis of inflammation in inflammatory bowel disease (IBD). The expression and secretion of MMPs are sensitive to the condition of intestinal inflammation, and are either augmented or moderated by a series of inflammatory cytokines, especially TNF-α (15). MMP3 is regarded as a crucial effector molecule of inflammatory cells, while it can also modify cytokines and chemokines (15). Thus, the up-regulated expression of MMPs prompts an initiation phase of acute inflammation. In our study, a high level of serum MMP3 at week 2 from baseline manifested as an effective predictor of PNR to IFX. Similarly, previous study had found that a high serum MMP3 concentration at week 14 was associated with a loss of response after 52 weeks of IFX treatment (16). Biancheri et al. showed that MMP3 was involved in cleaving anti-TNF agents, such as infliximab, adalimumab, and etanercept, in the colon mucosa of inflammatory bowel disease patients (17). This may explain the predictive function of MMP3 in PNR to IFX. However, whether MMP3 can predict a loss of response to other anti-TNF drugs has not been studied.

CCL2, namely monocyte chemotactic protein 1, is a CC-type chemokine that plays an important role in regulating migration and infiltration of monocytes, lymphocytes, or other immunocytes to inflammation sites in the pathogenesis of chronic inflammatory diseases such as CD (18–20). Previous studies have shown that the expression of CCL2 in intestinal epithelial cells, mucosa, circulating monocytes, or plasma was significantly increased in CD patients, especially those with active CD, compared to healthy individuals (21–23). Thus, CCL2 may be a pro-inflammatory factor in CD. Swedish patients with ulcerative colitis responding to infliximab therapy have been shown to express decreased levels of CCL2 in the serum at Week 2 (24). However, it is confusing that CD patients with PNR had lower serum CCL2 concentrations at week 2 after IFX treatment than responders in our study. A hypothesis that might explain this phenomenon is that the high serum concentration of CCL2 in primary responders is attributable to the decrease in CCR2 expression. A recent study showed that serum CCL2 was removed in a CCR2-dependent but G-protein independent manner, and when CCR2 expression decreased, serum CCL2 concentrations increased (25). Furthermore, anti-TNF non-responders with inflammatory bowel disease had upregulated CCR2 expression (26), which might cause lower serum CCL2 levels than those seen in the responders. Although this theoretical explanation makes sense, experimental validation is lacking. Therefore, it is attractive to research the change and function of the CCL2-CCR2 axis in CD patients before and after anti-TNF therapy for further studies.

CRP is one of the most common biomarkers used in clinical practice and is also useful for monitoring clinical or endoscopic activity in CD patients (27, 28). Post-injection CRP levels are a potential predictor for loss of response to anti-TNF therapy (29, 30). However, it remains controversial whether the baseline CRP level can predict loss of response to anti-TNF therapy in CD (31, 32). Our study found that serum CRP at week 2, but not baseline, was an independent predictor for PNR. However, CRP reflects the status of generic inflammation, not specific inflammatory pathways. In this study, we combined CRP with MMP3 and CCL2 levels, which are closely correlated with the pathogenesis of CD, and developed a well-founded PNR classifier.

Previous studies have demonstrated that the mechanisms underlying PNR are multifactorial. These mechanisms include disease characteristics, drug and treatment strategy-related factors, and inflammation and immune status of the patients (5). Disease duration, phenotype, and location may contribute to primary nonresponse. However, the role of patient-related characteristics was unclear because of controversial outcomes of different studies (5). Drug related factors includes through drug levels and the accumulation of anti-TNF antibodies. A recent study demonstrated that serum trough levels of IFX at week 2 could predict short-term clinical efficacy of IFX (33). Moreover, low IFX levels and high anti-TNF antibody levels to IFX at week 2 could predict PNR to IFX, with AUCs of 0.68 and 0.78, respectively (34). Nevertheless, the response status could be altered by changing the IFX dose or the combination of immunosuppressive drugs, and the effect of through drug levels and the anti-TNF antibodies could not count as primary mechanisms in the process of PNR. Emerging evidence suggest that primary nonresponse occurs in the patients with a disease course of non-TNF-driven inflammatory process. It has been thought that non-TNF-driven inflammatory processes were mainly involved in the mechanisms underlying PNR. Our research mainly focused on the non-TNF-driven inflammatory processes. We assumed that the changes of inflammatory states, which is presented by the alterations of the cytokines, chemokines and other inflammatory related factors, were significantly different between patients with TNF-driven inflammatory pathway and those were not. In the end, we explored MMP3 and CCL2 which were correlated with PNR.

There are some limitations to our study. From an analysis perspective, the reference cytokine subset we used as the discovery cohort to identify potential biomarkers is not a complete compendium of all of the immune related factors in the CD patients. Nevertheless, these potential factors have all been previously described in CD, which could compensate for the selection bias to some extent. In addition, the initial screening of cytokines in the discovery cohort was based on only 18 patients, which might be insubstantial to yield conclusive data. However, we screened potential biomarkers through analyses based not only on these 18 patients but also the patients in Cohort 1. we verified these potential cytokines selected from the discovery cohort in cohort 1 by univariate and multivariate analyses, which could reduce the incidence of false positives to a certain extent. Moreover, we did not detect IFX trough levels or anti-TNF antibody concentrations in the patients. These two indicators were thought to be able to predict loss of response of IFX (35, 36). However, this study mainly discussed the primary non-response of IFX, while trough serum concentrations of drug and anti-TNF antibodies are probably more relevant for the secondary loss of response (10). Another limitation is that all patients in our study are Chinese, which might make our results with limited generalisability.

In conclusion, our prospective and retrospective cohort study showed that CCL2 and MMP3 at week 2 play important roles in predicting PNR to IFX in CD patients. Furthermore, a PNR classifier was developed and proved effective in predicting PNR. However, further studies need to be performed on other patient populations to further substantiate our findings.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

This study was approved by the IEC for Clinical Research and Animal Trials of the First Affiliated Hospital of Sun Yat-sen University (No. 2019-383). Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. Written informed consent was obtained from the individual(s), and minor(s)’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.



Author Contributions

All authors were responsible for the study concept and design. LL and RC: drafting of manuscript. LL, RC, YZ, and GZ analyzed the serum samples and interpretation of the data. RC and LL performed the statistical analysis. BC ZZ, MC, and SZ: critical revision of manuscript for important intellectual content. All authors contributed to the article and approved the submitted version.



Funding

This project was supported by grants from the National Natural Science Foundation of China (#81630018, #81670498, #81870374, #82070538), Guangzhou Science and Technology Department (#202002030041), Guangdong Science and Technology (#2017A030306021, #2020A1515010249), China Postdoctoral Science Foundation (#2019M653228), and Science and Technology Innovation Young Talents of Guangdong Special Support Plan (#2016TQ03R296).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.646673/full#supplementary-material



References

1. Hanauer, SB, Feagan, BG, Lichtenstein, GR, Mayer, LF, Schreiber, S, Colombel, JF, et al. Maintenance Infliximab for Crohn’s Disease: The ACCENT I Randomised Trial. Lancet (2002) 359:1541–9. doi: 10.1016/S0140-6736(02)08512-4

2. Gisbert, JP, and Panes, J. Loss of Response and Requirement of Infliximab Dose Intensification in Crohn’s Disease: A Review. Am J Gastroenterol (2009) 104:760–7. doi: 10.1038/ajg.2008.88

3. Rosenblum, H, and Amital, H. Anti-TNF Therapy: Safety Aspects of Taking the Risk. Autoimmun Rev (2011) 10:563–8. doi: 10.1016/j.autrev.2011.04.010

4. Kennedy, NA, Heap, GA, Green, HD, Hamilton, B, Bewshea, C, Walker, GJ, et al. Predictors of Anti-TNF Treatment Failure in Anti-TNF-Naive Patients With Active Luminal Crohn’s Disease: A Prospective, Multicentre, Cohort Study. Lancet Gastroenterol Hepatol (2019) 4:341–53. doi: 10.1016/S2468-1253(19)30012-3

5. Gisbert, JP, and Chaparro, M. Predictors of Primary Response to Biologic Treatment [Anti-TNF, Vedolizumab, and Ustekinumab] in Patients With Inflammatory Bowel Disease: From Basic Science to Clinical Practice. J Crohns Colitis (2020) 14:694–709. doi: 10.1093/ecco-jcc/jjz195

6. Hlavaty, T, Pierik, M, Henckaerts, L, Ferrante, M, Joossens, S, van Schuerbeek, N, et al. Polymorphisms in Apoptosis Genes Predict Response to Infliximab Therapy in Luminal and Fistulizing Crohn’s Disease. Aliment Pharmacol Ther (2005) 22:613–26. doi: 10.1111/j.1365-2036.2005.02635.x

7. Barber, GE, Yajnik, V, Khalili, H, Giallourakis, C, Garber, J, Xavier, R, et al. Genetic Markers Predict Primary Non-Response and Durable Response to Anti-TNF Biologic Therapies in Crohn’s Disease. Am J Gastroenterol (2016) 111:1816–22. doi: 10.1038/ajg.2016.408

8. Zhou, Y, Xu, ZZ, He, Y, Yang, Y, Liu, L, Lin, Q, et al. Gut Microbiota Offers Universal Biomarkers Across Ethnicity in Inflammatory Bowel Disease Diagnosis and Infliximab Response Prediction. mSystems (2018) 3. doi: 10.1128/mSystems.00188-17

9. Chen, P, Zhou, G, Lin, J, Li, L, Zeng, Z, Chen, M, et al. Serum Biomarkers for Inflammatory Bowel Disease. Front Med (2020) 7:123. doi: 10.3389/fmed.2020.00123

10. D’Haens, GR, Panaccione, R, Higgins, PD, Vermeire, S, Gassull, M, Chowers, Y, et al. The London Position Statement of the World Congress of Gastroenterology on Biological Therapy for IBD With the European Crohn’s and Colitis Organization: When to Start, When to Stop, Which Drug to Choose, and How to Predict Response? Am J Gastroenterol (2011) 106(2):199–212. doi: 10.1038/ajg.2010.392

11. Ogawa, K, Matsumoto, T, Esaki, M, Torisu, T, and Iida, M. Profiles of Circulating Cytokines in Patients With Crohn’s Disease Under Maintenance Therapy With Infliximab. J Crohns Colitis (2012) 6:529–35. doi: 10.1016/j.crohns.2011.10.010

12. Martinez-Borra, J, Lopez-Larrea, C, Gonzalez, S, Fuentes, D, Dieguez, A, Deschamps, EM, et al. High Serum Tumor Necrosis Factor-Alpha Levels are Associated With Lack of Response to Infliximab in Fistulizing Crohn’s Disease. Am J Gastroenterol (2002) 97:2350–6. doi: 10.1111/j.1572-0241.2002.05990.x

13. Andus, T, Herfarth, H, Obermeier, F, Kuehbacher, T, Mascheretti, T, Thriene, T, et al. Prediction of Response to Treatment With Infliximab (Remicade) in a German Prospective Open-Label Multicenter Trial in Refractory Crohn’s Disease. Gastroenterology (2001) 120:A621. doi: 10.1016/S0016-5085(08)83089-2

14. Gomollón, F, Dignass, A, Annese, V, Tilg, H, Van Assche, G, Lindsay, JO, et al. 3rd European Evidence-Based Consensus on the Diagnosis and Management of Crohn’s Disease 2016: Part 1: Diagnosis and Medical Management. J Crohns Colitis (2017) 11:3–25. doi: 10.1093/ecco-jcc/jjw168

15. O’Shea, NR, and Smith, AM. Matrix Metalloproteases Role in Bowel Inflammation and Inflammatory Bowel Disease: An Up to Date Review. Inflammation Bowel Dis (2014) 20:2379–93. doi: 10.1097/MIB.0000000000000163

16. Barberio, B, D’ Incà, R, Facchin, S, Gasperina, M, Fohom Tagne, CA, Cardin, R, et al. Matrix Metalloproteinase 3 Predicts Therapeutic Response in Inflammatory Bowel Disease Patients Treated With Infliximab. Inflamm Bowel Dis (2020) 26:756–63. doi: 10.1093/ibd/izz195

17. Biancheri, P, Brezski, RJ, Di Sabatino, A, Greenplate, AR, Soring, KL, Corazza, GR, et al. Proteolytic Cleavage and Loss of Function of Biologic Agents That Neutralize Tumor Necrosis Factor in the Mucosa of Patients With Inflammatory Bowel Disease. Gastroenterology (2015) 149:1564–74.e3. doi: 10.1053/j.gastro.2015.07.002

18. Melgarejo, E, Medina, MÁ, Sánchez-Jiménez, F, and Urdiales, JL. Monocyte Chemoattractant Protein-1: A Key Mediator in Inflammatory Processes. Int J Biochem Cell Biol (2009) 41:998–1001. doi: 10.1016/j.biocel.2008.07.018

19. Moser, B, and Loetscher, P. Lymphocyte Traffic Control by Chemokines. Nat Immunol (2001) 2:123–8. doi: 10.1038/84219

20. He, J, Song, Y, Li, G, Xiao, P, Liu, Y, Xue, Y, et al. Fbxw7 Increases CCL2/7 in CX3CR1hi Macrophages to Promote Intestinal Inflammation. J Clin Invest (2019) 129:3877–93. doi: 10.1172/JCI123374

21. Grip, O, Janciauskiene, S, and Lindgren, S. Circulating Monocytes and Plasma Inflammatory Biomarkers in Active Crohn’s Disease: Elevated Oxidized Low-Density Lipoprotein and the Anti-Inflammatory Effect of Atorvastatin. Inflamm Bowel Dis (2004) 10:193–200. doi: 10.1097/00054725-200405000-00003

22. Reinecker, HC, Loh, EY, Ringler, DJ, Mehta, A, Rombeau, JL, and MacDermott, RP. Monocyte-Chemoattractant Protein 1 Gene Expression in Intestinal Epithelial Cells and Inflammatory Bowel Disease Mucosa. Gastroenterology (1995) 108:40–50. doi: 10.1016/0016-5085(95)90006-3

23. Christophi, GP, Rong, R, Holtzapple, PG, Massa, PT, and Landas, SK. Immune Markers and Differential Signaling Networks in Ulcerative Colitis and Crohn's Disease. Inflammation Bowel Dis (2012) 18:2342–56. doi: 10.1002/ibd.22957

24. Magnusson, MK, Strid, H, Isaksson, S, Bajor, A, Lasson, A, Ung, K, et al. Response to Infliximab Therapy in Ulcerative Colitis is Associated With Decreased Monocyte Activation, Reduced CCL2 Expression and Downregulation of Tenascin C. J Crohn’s Colitis (2015) 9:56–65. doi: 10.1093/ecco-jcc/jju008

25. Kaushansky, N, Bakos, E, Becker-Herman, S, Shachar, I, and Ben-Nun, A. Circulating Picomolar Levels of CCL2 Downregulate Ongoing Chronic Experimental Autoimmune Encephalomyelitis by Induction of Regulatory Mechanisms. J Immunol (2019) 203:1857–66. doi: 10.4049/jimmunol.1900424

26. Gaujoux, R, Starosvetsky, E, Maimon, N, Vallania, F, Bar-Yoseph, H, Pressman, S, et al. Cell-Centred Meta-Analysis Reveals Baseline Predictors of Anti-TNFα non-Response in Biopsy and Blood of Patients With IBD. Gut (2019) 68:604–14. doi: 10.1136/gutjnl-2017-315494

27. Ma, C, Battat, R, Khanna, R, Parker, CE, Feagan, BG, and Jairath, V. What is the Role of C-Reactive Protein and Fecal Calprotectin in Evaluating Crohn’s Disease Activity? Best Pract Res Clin Gastroenterol (2019) 38–39:101602. doi: 10.1016/j.bpg.2019.02.004

28. Mosli, MH, Zou, G, Garg, SK, Feagan, SG, MacDonald, JK, Chande, N, et al. C-Reactive Protein, Fecal Calprotectin, and Stool Lactoferrin for Detection of Endoscopic Activity in Symptomatic Inflammatory Bowel Disease Patients: A Systematic Review and Meta-Analysis. Am J Gastroenterol (2015) 110:802–19; quiz 820. doi: 10.1038/ajg.2015.120

29. Rodrigues-Pinto, E, Magro, F, Santos-Antunes, J, Vilas-Boas, F, Lopes, S, Nunes, A, et al. High C-Reactive Protein in Crohn’s Disease Patients Predicts Nonresponse to Infliximab Treatment. J Crohns Colitis (2013) 7:S208. doi: 10.1016/S1873-9946(13)60516-4

30. Reinisch, W, Wang, Y, Oddens, BJ, and Link, R. C-Reactive Protein, an Indicator for Maintained Response or Remission to Infliximab in Patients With Crohn’s Disease: A Post-Hoc Analysis From ACCENT I. Aliment Pharmacol Ther (2012) 35:568–76. doi: 10.1111/j.1365-2036.2011.04987.x

31. Colombel, JF, Sandborn, WJ, Reinisch, W, Mantzaris, GJ, Kornbluth, A, Rachmilewitz, D, et al. Infliximab, Azathioprine, or Combination Therapy for Crohn’s Disease. N Engl J Med (2010) 362:1383–95. doi: 10.1056/NEJMoa0904492

32. Sprakes, MB, Ford, AC, Warren, L, Greer, D, and Hamlin, J. Effcacy, Tolerability, and Predictors of Response to Infliximab Therapy for Crohn’s Disease: A Large Single Centre Experience. J Crohns Colitis (2012) 6:143–53. doi: 10.1016/j.crohns.2011.07.011

33. Gonczi, L, Vegh, Z, Golovics, PA, Rutka, M, Gecse, KB, Bor, R, et al. Prediction of Short- and Medium-Term Efficacy of Biosimilar Infliximab Therapy. Do Trough Levels and Antidrug Antibody Levels or Clinical And Biochemical Markers Play the More Important Role? J Crohns Colitis (2017) 11:697–705. doi: 10.1093/ecco-jcc/jjw203

34. Bar-Yoseph, H, Levhar, N, Selinger, L, Manor, U, Yavzori, M, Picard, O, et al. Early Drug and Anti-Infliximab Antibody Levels for Prediction of Primary Nonresponse to Infliximab Therapy. Aliment Pharmacol Ther (2018) 47:212–8. doi: 10.1111/apt.14410

35. Ding, NS, Hart, A, De Cruz, P, Levesque, BG, Vermeire, S, and Sandborn, WJ. Systematic Review: Predicting and Optimising Response to Anti-TNF Therapy in Crohn’s Disease - Algorithm for Practical Management. Aliment Pharmacol Ther (2016) 43:30–51. doi: 10.1111/apt.13445

36. Papamichael, K, Gils, A, Rutgeerts, P, Levesque, BG, Vermeire, S, Sandborn, WJ, et al. Role for Therapeutic Drug Monitoring During Induction Therapy With TNF Antagonists in IBD: Evolution in the Definition and Management of Primary Nonresponse. Inflamm Bowel Dis (2015) 21:182–97. doi: 10.1097/MIB.0000000000000202




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Copyright © 2021 Li, Chen, Zhang, Zhou, Chen, Zeng, Chen and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




[image: image]


OPS/images/fimmu.2021.646673/table4.jpg
AUC (95% CI)

Cut-off value (95% CI)

Sensitivity (95% Cl)

Specificity (95% CI)

PPV (95% CI)

NPV (95% CI)

PNR classifier 0.896 (0.895-0.897)
CRP at week 2 0.679 (0.677-0.681)
CCL2 at week 2 0.781 (0.779-0.782)
MMP3 at week 2 0.779 (0.777-0.781)

0.331 (0.327-0.335)
3.79 (3.76-3.82)
84.84 (84.44-85.23)
19.15 (19.05-19.25)

0.758 (0.755-0.762)
0.614 (0.610-0.617)
0.783 (0.778-0.788)
0.712 (0.709-0.716)

0.888 (0.885-0.890)
0.768 (0.765-0.770)
0.687 (0.681-0.692)
0.799 (0.796-0.802)

0.708 (0.699-0.708)
0.468 (0.465-0.471
0.468 (0.465-0.472)
0.548 (0.544-0.551

0.918 (0.917-0.919)
0.859 (0.857-0.860)
0.912 (0.910-0.913

)
)
)
0.895 (0.894-0.897)

PPV, Positive predictive value; NPV, Negative predictive value; PNR, Primary non-response; PLR, platelet-to-lymphocyte ratio; CRP, C-reactive protein; CCL, C-C motif ligand; MMP,

matrix metalloproteinase.
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Clinical characteristics
Age at 1% IFX therapy (years)
Disease duration (years)
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B1 (non stricturing, non-penetrating)
B2 (stricturing)
B3 (penetrating)
Level of serological markers
at weeks 2
Neutrophil percentage (%)
Lymphocytes (x10%L)
Lymphocyte percentage (%)
PLR
NLR
CRP (mg/L)
CCL2 (pg/ml)
MMP3 (ng/mi)

Univariate analysis

Primary response (n=137) PNR (n=45)
23.6 (18.3-32.6) 28.8 (22.6-36.5)
1.2 (0.6-4.0) 4.6 (1.0-6.9)
82 (59.9) 13 (28.9)

37 (27.0) 25 (55.6)

18 (13.1) 7(15.6)
58.6 (51.8-64.1) 63.6 (55.8-71.7)
1.6 (1.3-2.0) 1.4(1.1-1.9)
30.6 (24.5-35.1) 24.9 (17.8-32.2)
180 (142-230) 217 (152-291)
2.0(1.5-2.6) 25(1.7-38)
1.5(0.8-3.6) 4.0 (1.0-8.7)
98.9 (80.0-120.5) 72.0 (65.7-88.0)

127 (8.1-17.4) 24.7 (16.0-33.6)

P value

0.044
0.002
0.001

0.010
0.042
0.007
0.028
0.008
<0.001
<0.001
<0.001

Multivariate analysis

Odds Ratio (95% Cl)

1.012 (0.953-1.076)
1.069 (0.964-1.185)
1.540 (0.765-3.099)

1.010 (0.902-1.131)
1.658 (0.468-6.064)
0974 (0.838-1.132)
1.005 (0.997-1.013)
0.980 (0.301-3.191)
1.102 (1.081-1.117)
0.940 (0.920-0.965)
1.108 (1.059-1.159)

PLR, platelet-to-lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; CRP, C-reactive protein; CCL, C-C motif ligand; MMP, matrix metalloproteinase.

P value

0.692
0.205
0.226

0.866
0.425
0.727
0.243
0.947
0.004
<0.001
<0.001
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Univariate analysis Multivariate analysis

Primary response (n=48) PNR (n=12) P value 0Odds Ratio (95% CI) P value
AlL-7 (pg/ml) -5.5(-10.1- -3.2) -4.5 (-6.0- -2.1) 0.095 1.261 (0.948-1.677) 0111
MMP3 at baseline (ng/mL) 21.4 (13.6-27.0) 26.4 (21.2-35.7) 0.040 0.943 (0.869-1.024) 0.161
MMP3 at week 2 (ng/mi) 13.5 (8.2-18.5) 19.7 (14.2-38.3) 0.004 1.203 (1.039-1.394) 0.013
CCL2 at week 2 (pg/ml) 93.7 (77.3-128.5) 63.6 (59.3-86.7) 0.001 0.903 (0.877-0.986) 0.015

ELISA, Enzyme-linked immunosorbent assay; AlL-7, change of IL-7 from baseline to week 2; CCL, C-C motif ligand; MMP, matrix metalloproteinase.
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Cohort 1 (n=60) Cohort 2 (n=182) P value*
All patients PNR patients All patients PNR patients

Primary non-responders 2 (20) 12 (100) 45 (24.7) 45 (100) 0.489

Failure of CDAI reduction 10 (83.3) 38 (84.4)

Therapy alteration 2(16.7) 7 (15.6)
Male 47 (78.3) 9 (75.0) 128 (70.3) 32(71.1) 0.249
Age at 1% IFX therapy (years) 24.5 (18.5-29.0) 24.38 (19.2-34.7) 24.9 (18.0-34.0) 28.8 (22.6-36.5) 0.242
Body-mass index (kg/m?) 17.1 (15.8-19.4) 17.7 (16.0-21.3) 17.7 (16.1-19.2) 17.4 (15.8-18.8) 0.371
Age at diagnosis (years) 21.8 (17.4-26.2) 22.6 (18.3-27.0) 22.0 (16.7-29.0) 23.0 (18.3-29.3) 0.775
Disease duration (years) 1.0(0.5-3.9) 1.3 (0.8-8.4) 1.6 (0.7-4.9) 4.6 (1.0-6.9) 0.100
Disease location 0.373

L1 (leal disease) 6 (10.0) 2(16.7) 30 (16.5) 11 (24.4)

L2 (colonic disease) 4(6.7) 0(0) 8 (4.4) 1(2.2)

L3 (ileocolonic disease) 50 (83.3) 10 (83.8) 144 (79.1) 33(73.3)

Presence of upper Gl disease 1(18.3) 2(16.7) 42 (23.1) 9(20.2) 0.478
Disease behavior 0.382

B1 (non stricturing, non-penetrating) 37 (61.7) 6 (50.0) 95 (52.2) 13(28.9)

B2 (stricturing) 18 (30.0) 4(33.3) 62 (34.1) 25 (55.6)

B3 (penetrating) 5(8.3) 2(16.7) 25 (13.7) 7(15.6)
Perianal disease 16 (26.7) 4(33.3) 70 (38.5) 14 (31.1) <0.001
Presence of extraintestinal manifestations 6 (10) 2(16.7) 34 (18.7) 1(24.4) 0.160
Previous surgery 8(13.3) 2(16.7) 40 (22.0) 3(28.9) 0.191
History of smoking 3(5) 0(0) 15 (8.2) 3(6.7) 0.573
Concomitant Azathioprine 32 (53.3) 8(66.7) 79 (43.4) 9(42.2) 0.181
CDAI score 251 (199-296) 268 (194-296) 234 (198-282) 232 (198-245) 0.519
C-reactive protein (mg/L) 29.4 (9.7-49.0) 33.0 (19.3-58.6) 21.7 (8.5-39.5) 19.4 (2.3-35.0) 0.154
Erythrocyte sedimentation rate (mmv/h) 52.0 (31.3-70.0) 69.0 (47.5-85.8) 42,0 (24.0-72.0) 38.0 (19.5-60.5) 0.253
Albumin (g/L) 32.9 (30.0-36.3) 34.0 (30.8-36.5) 35.0 (31.2-38.9) 35.4 (31.2-38.2) 0.019
Haemoglobin (g/L) 111 (92-124) 113 (100-127) 113 (96-128) 114 (95-135) 0.319
Platelet count (x10%L) 348 (259-461) 364 (301-442) 350 (280-450) 343 (267-459) 0.910

*The p value was from the non-parametric Wilcoxon test or chi-square test in comparison of baseline characteristics between all patients in cohort 1 and cohort 2.

Continuous variables and categorical variables are described as median (IQR) and n (%), respectively.
IQR, interquartile range; G, gastrointestinal: CDAI, Crohn’s disease activity index.
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1 61+2 85+ 19 864 + 16 713+ 31
3 91 15 71+19 838231 786 + 246
5 78+ 4 74 £ 12 754 £ 118 834 + 185
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Plasma HDL and LDL levels were analyzed in samples pooled from all 12 mice in each
group. Results are expressed as mean + SEM.
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No
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IVIG responder
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Characteristics
Genomic location
Gene sequence

Domain structures

Top tissue
expression
Signaling pathway

CRP

1G23.2
1.8Kb in length, 0.1kb of 5*
UTR, 1.2kb of 8’ UTR

Pentraxin-related,
ConA-like_dom_sf,
Pentaxin_CS

Liver

PIBK/Akt signaling pathway
(25), JAK/STAT signaling
pathway (35)

SAP

16232

1.1kb in length, 0.1kb
of 5" UTR, 0.15kb of 3"
UTR

Pentraxin-related,
ConArlike_dom_sf,
Pentaxin_CS

Liver

PIBK/AKVERK signaling
pathway (56)

CRP, C-reactive protein; SAR, serum amyloid P component; UTR, un-translated region;
The domain structures were obtained from the Genecard database.
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Characteristics NPTX1 NPTX2 NPTXR PTX3 PTX4

Genomic location  1725.3 7q22.1 22q13.1 3q25.32 16p133
Sequence features 150 bp of 5' UTR, 1.3kb 1.3kb coding 55kbinlength, 39kb  68bp of 5" UTR, 650 bpof ~ —
coding sequence, 3.6kb 3’ sequence, 1.2kb of 8 UTR, 1.5kbopen 8" UTR,
UTR 3-UTR reading frame
Domain structures  Pentraxin-related, Pentraxin-related, Pentraxin-related, Pentraxin-related, Pentraxin-related,
Pentraxin_CS, Pentraxin_CS,ConA- ConArlike_dom_sf, Pentraxin_CS, Pentraxin_CS,ConA-
ConArlike_dom_sf like_dom_sf N-terminal ConA-like_dom_sf like_dom_sf
transmembrane
domain
Top tissue Brain Brain, liver, testis, Brain Monocytes, macrophage, Thymus, spleen, small
expression skeletal muscle, heart, fibroblasts, epithelial cells intestine, liver
pancreas
Signaling pathway ~ HIF-1 signaling pathway Wnt/B-catenin signaling  — AKUNF-kB signaling -
(65), IRS-1/PIBK/AKt pathway (70), pathway (9), JNK signaling
signaling pathway (66), INK  p53/PTEN/AKUNF-kB pathway (72), IL-6/Stat3
and GSKS signaling signaling pathway (71) signaling pathway (73), PI3K
pathways (67), Ro/E2F signaling pathway (74)

pathway (68), Nodal and
BMP signaling pathway (69)

NPTX1, neuronal pentraxin 1; NPTX2, neuronal pentraxin 2; NPTXR, neuronal pentraxin receptor; PTX3, pentraxin 3; PTX4, pentraxin 4; UTR, un-translated region; Domain structure
were obtained from the Genecard database.
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Gene
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NPTX1

NPTX2

CRP

NPTX2
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Expression

Differ from low and
high grade
Increased
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Decreased
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Decreased

Decreased

Increased
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Decreased

Increased
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Increased

Increased
Increased

Increased

Increased

Increased

Decreased
Decreased

References
(134)
(66)
©1
@9
(©0)
©2)
©92)
©9)
70
(102)
68)
©
©1)

@9
(124)

©49
@4
(135)
(44)
©5)
(129)

(136)

©
(118)

()

(137)

(25)

©2)
(122)

Mechanism

Avrest cell cycle at the GO/G1 phase to affect glioma prolferation and
metastasis.

Promote tumor proliferation and metastasis via the IRS-1/PIBK/AKT
signaling pathway

Induce tumor tissue edema independent of the classical VEGF-relate
pathway

Stimulate microglial cells to secret IL-18 which could induce tumor
angiogenesis.

Increase sunvival ratio through reducing NF-«B activity via inhibiting AKT by
PS3/PTEN-dependent pathway

NPTX2 antagonist could reduce tumor progression
Give NPTXR antagonist inhibit tumor progress

After inhibiting the mTOR signaling pathway not only decrease tumor
volume but also increase the expression of NPTX1

Combine to frizzled class receptor 6(FZD6) which activate the Wnt/g-catenin
signaling pathway to promote tumor growth and metastasis

Low level expression improve response to neoadjuvant chemoradiation
(CRT) treatment

Inhibit cell profferation by influence the combination of cyclin A2 and CDK2
and the Rb-E2F signaling pathway

Deglycosylased PTX3 observed suppress tumor migration v
the PIBK/AKT and the NF-«B signaling pathway.

SAP contributes to the clearance of apoptotic cels.

inactivating

Binds to Fey receptor | and to promote tumor metastasis.

PTX3 inhibit tumor progression via combining to receptor of fibroblast
growth factor-8b (FGF8b) and metastasis by activating the EMT process.

Promote tumor viability and invasion via binding to AMPA-selective
glutamate receptor-4

Up-regulate the expression of ATGSB gene to inhibit tumor cell apoptosis
and the formation of tumor microenvironment.

Affect tumor metastasis via the PIBK/AKT and the NF-kB signaling pathway.

Promote tumor cell profferation, metastasis and angiogenesis through the
PIBK/AKT signaling pathway.

Binds to Fey receptor Il to protect tumor and cause lytic bone lesions
Promote tumor cell proferation, metastasis and angiogenesis through the
PIBK/AKT signaling pathway.

Inhibit tumor angiogenesis, via FGF2/FGFR system, proliferation and
apoptosis.

Cause vitamin D deficiency.

Inhibit tumor metastasis via FGF2/FGFR system which impair the EMT
process.

Modulate the G2/M phase cell-cycle related protein expression to affect cell
proiferation.

Promote tumor angiogenesis via influencing certain cytokines.

Its expression level is parallel with HBY activity while silence could promote
tumor progression.

Inhibits cell proliferation through the PISK/AKT signaling pathway.

Inhibit tumor progression and migration decrease via inducing cell GO-G1
arrest and inhibiting cell apoptosis

Data from merely abnormal expression or with lack of specific relationships are not mentioned.

CRR, C-reactive protein; SAR, serum amyloid P component; NPTX1, neuronal pentraxin 1; NPTX2, neuronal pentraxin 2; NPTXR, neuronal pentraxin receptor; PTX3, pentraxin 3; PTX4,

pentraxin 4.





